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ARTICLE INFO ABSTRACT

Keywords: Surfactin, a cyclic lipoheptapeptide produced by Bacillus subtilis, is a surface-active antimicrobial that targets the
Bacillus subtilis barrier function of lipid membranes. It inserts itself into the membrane, where it forms conductive pores.
Membrane Depending on its concentration, it eventually disintegrates the membrane in a detergent-like manner. The
Surfactin molecular details of this activity are not yet sufficiently understood, nor are the mechanisms that the surfactin
E:’;:;Ziim producer employs to resist its own toxic product. We have previously shown that B. subtilis modifies its mem-

brane lipid composition upon the onset of surfactin production, mainly increasing the cardiolipin content. Here
we show that the increased cardiolipin content leads to a decreased surfactin-induced leakage of liposomes
reconstituted from lipids isolated from the surfactin producer. This stabilizing effect of cardiolipin is con-
centration-dependent. Using a propidium iodide-based cell permeabilization assay, we further confirmed that
the cytoplasmic membrane of the mutant B. subtilis strain lacking cardiolipin was substantially more susceptible
to the action of surfactin, even though the amount of bound surfactin was the same as in the wild-type strain. We
propose that membrane remodelling; due to the increase in cardiolipin content, contributes to the surfactin

tolerance of B. subtilis.

1. Introduction

The need for new effective antimicrobial compounds is a current
global issue. One of the strategies for tackling this is to target the
bacterial cytoplasmic membrane [1], which plays a fundamental role in
cell function and survival. Traditionally, the cytoplasmic membrane has
been compromised via antibiotics interfering with lipid metabolism
enzymes, namely fatty acid synthesis [2]. Recently, the discovery of the
functional membrane microdomains (FMMs) together with an in-
creasing number of FMM-associated membrane proteins with domain-
bound functions [3] have uncovered new opportunities for combating
pathogens. Agents that disassemble FMMs, and thus affect the enzy-
matic functions allocated to them, cause an inhibition of bacterial
growth [4]. Lastly, membrane-targeting antimicrobial peptides (AMPs)
acting via pore formation are still a focus of antimicrobial research.
These agents include not only the host-defense AMPs or their artificially
modified variants, but also other complex compounds of microbial
origin.

Surfactin is a pore-forming antimicrobial produced by Bacillus sub-
tilis. This cyclic lipoheptapeptide consists of a hydrophobic fatty acid
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and a peptide moiety with a negatively charged hydrophilic “claw”
formed of Glul and Asp5. The amphiphilic nature of the molecule re-
sults in very strong surface activity, allowing the surfactin to lower
water surface tension from 72 to approximately 30 mN/m at con-
centrations as low as 10-20 uM [5,6], making it one of the strongest
biosurfactants. The surfactin molecule can also adopt at least two dif-
ferent conformations [7], and forms various micelles and aggregates
depending on the conditions in the solution [8,9]. Surfactin is produced
via non-ribosomal proteosynthesis by large modular protein complexes
and contains both L- and D-amino acids, ensuring difficult degradation
by proteases.

Most importantly, surfactin is able to enter lipid membranes and
interfere with their barrier function, which is the basis of its broad-
spectrum antimicrobial effect which include Enterococcus faecalis,
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli [10],
Listeria monocytogenes [11] or Legionella pneumophila [12]. Once inside a
membrane, surfactin affects membrane organization by forming con-
ductive pores [13,14] and local bilayer failures, resulting in cell death.
A sufficient concentration can even disintegrate the membrane in a
detergent-like manner [15-17]. The conical shape of the surfactin

E-mail addresses: fiserr@natur.cuni.cz (R. FiSer), seydlova@natur.cuni.cz (G. MikuSova).

https://doi.org/10.1016/j.bbamem.2020.183405

Received 3 March 2020; Received in revised form 15 May 2020; Accepted 19 June 2020

Available online 25 June 2020
0005-2736/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2020.183405
https://doi.org/10.1016/j.bbamem.2020.183405
mailto:fiserr@natur.cuni.cz
mailto:seydlova@natur.cuni.cz
https://doi.org/10.1016/j.bbamem.2020.183405
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2020.183405&domain=pdf

D. Pinkas, et al.

molecule introduces curvature stress, makes the membrane thinner and
disorganizes it [17]. Surfactin molecules added from the external milieu
can traverse to the inner leaflet either as single monomers via a spon-
taneous flip-flop mechanism or through local bilayer failures, which
releases surfactin-induced tension while leaking cellular contents. Due
to its poor miscibility with lipids, surfactin then forms segregated do-
mains with a high local surfactin/lipid ratio, which probably leads to
more bilayer discontinuities [18] and possibly even to stable pore for-
mation. This multimodal effect causes a rapid eradication of bacterial
cells, regardless of their physiological state. This feature is especially
important in medical applications due to the increasing prevalence of
antibiotic-resistant pathogens or pathogens that are able to survive
antibiotic therapy in metabolically-inactive states.

The cytoplasmic membrane is still considered an underexploited
antibiotic target [19]. In the last 15 years, the few new antibiotics that
were launched to clinical praxis such as daptomycin or telavancin act
directly in the cytoplasmic membrane. More compounds sharing this
mode of action are at different stages of clinical development (such as
brilacidin, LTX-109). The cytoplasmic membrane as a target site has
several advantages compared to an enzyme and/or compounds in-
hibiting a metabolic pathway. Unlike other antibiotics, a membrane-
targeting compound does not have to pass through the semipermeable
lipid barrier, because the membrane itself is the target. Even if the
exposure to the membrane-active antibiotic is not lethal, it may en-
hance the effectivity of other simultaneously administered drugs by
facilitating their internalization by the cell [20]. Disrupting the mem-
brane harms not only fast-growing cells, but also slow-growing and
dormant ones. Another beneficial factor is the lower risk of resistance
development, as the membrane plays an essential role in many cellular
pathways. Even though cells have mechanisms for membrane re-
modelling, they mostly aim to keep the membrane microenvironment
stable. If not, it is highly likely that the degree of changes in chemico-
physical parameters necessary for the development of resistance would
interfere with membrane-bound cell functions, which would interfere
with proper cell physiology.

A resistance mechanism against surfactin must exist by which the
producer prevents killing itself with its own toxic product. In B. subtilis,
a surfactin-connected increase in the expression of the RND (resistance-
nodulation-division) transporter-coding gene yerP has been described
[21]. Another study showed that the overexpression of YerP together
with YcxA and KrsA, members of the major facilitator superfamily, led
to an increased production of surfactin by enhancing its transport from
the cell [22]. On the other hand, the deletion of yerP had no impact on
the sensitivity of the producing strain of B. subtilis towards surfactin
[21]. We can presume that this efflux system has more to do with the
export of surfactin produced in the cytoplasm than with clearing
membrane-bound surfactin molecules. Previously, we focused on a
possible modification of the membrane as the target site in response to
surfactin exposure. We reported that a non-producing B. subtilis strain
was able to efficiently adapt the proportions of its membrane phos-
pholipids after the surfactin challenge [23]. We further showed that the
surfactin-producing B. subtilis strain significantly alters its membrane
lipid composition during surfactin production [24,25], mainly by in-
creasing the cardiolipin content and by rigidifying the membrane. In
this study, we directly tested a hypothesis that the increased cardiolipin
content in the membrane can explain the tolerance of B. subtilis to
surfactin. Using both a model liposome membrane and living B. subtilis
cells, we show here that cardiolipin stabilizes the target membrane
against surfactin-induced permeabilization.

2. Materials and methods
2.1. Bacterial strains

Four strains of Bacillus subtilis were used (Table 1): the laboratory
strain B. subtilis 168 (trpC2, Bacillus Genetic Stock Center) which is
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designated below as “CL+”; B. subtilis SDB206 (clsA::pMutin4, yw-
jEl::spe, ywiE2::neo) — a strain based on B. subtilis 168 with disrupted
genes clsA, ywjE1 and ywiE2 [26], which are essential for cardiolipin
synthesis, designated below as “CL —”; wild-type strain B. subtilis ATCC
21332 (American Type Culture Collection), a natural surfactin producer
designated below as “SF+” and its derivative Bacillus subtilis 0164
(sfp0) — a mutant with disrupted gene sfp which is essential for surfactin
production [24], designated below as “SF—".

2.2. Cell cultivation

B. subtilis cultures were grown aerobically in nutrient broth (Oxoid)
at 30 °C. The growth was monitored by measuring the optical density at
420 nm. Exponential cultures for lipid isolation (CL+ and CL — strains)
were harvested by filtration through a Synpor No. 5 filter after reaching
OD450 = 0.5, and biomass was immediately used for lipid isolation.
Cultures of SF+ and SF — strains were cultivated at 30 °C for 24 h to be
well past the onset of surfactin production, biomass was harvested via
centrifugation (4500g, 4°C, 15min) and immediately used for mem-
brane isolation.

2.3. Membrane isolation

Cell pellets were resuspended in 50 mM phosphate buffer (pH 8)
with lysozyme (10 mg/ml), DNase (25 pg/ml), RNase (25 pg/ml), and
10 mM MgSO,, and incubated at 30 °C for 1h. After the incubation,
K*"EDTA was added to a final concentration of 15 mM and after 1 min,
MgSO, was added to a total concentration of 20 mM. Unlysed spores
were removed by centrifugation (3000g, 4°C, 10 min) [27]. The su-
pernatant containing lysed vegetative cells was further centrifuged
(25,000g, 4 °C, 25 min) to sediment the membrane vesicles, which were
immediately used for lipid isolation.

2.4. Lipid isolation

Harvested biomass from exponential cultures of CL+ and CL-—
strains or membranes from SF + and SF — cultures were resuspended by
intensive mixing in hexane:isopropanol 3:2 (v/v) and then extracted at
4 °C overnight. Non-lipidic non-soluble material was removed by cen-
trifugation (5000g, 4 °C, 10 min), and the extract was evaporated using
a rotary vacuum evaporator (38 °C). The lipid fraction was dissolved in
chloroform and filtered through a Whatman GF/C filter to remove the
remaining non-soluble compounds. The lipid extract was immediately
used for liposome preparation.

2.5. Preparation of carboxyfluorescein-loaded liposomes

The lipids used in this study were either natural lipids directly
isolated from B. subtilis cultures, commercially available isolates -
phosphatidylcholine from egg yolk (PC; Avanti Polar Lipids) or syn-
thetic phospholipids (Avanti Polar Lipids): dioleylphosphatidylglycerol
(DOPG), dimyristoylphosphatidylglycerol =~ (DMPG), dioleylpho-
sphatidylethanolamine (DOPE), dimyristoylphosphatidylethanolamine
(DMPE), dimyristoylphosphatidic acid (DMPA), tetraoleylcardiolipin
(TOCL), and tetramyristoylcardiolipin (TMCL).

Liposomes were prepared from natural isolated lipids (total lipid
extract) or combinations of synthetic phospholipids (as indicated in the
figure legends) mixed in chloroform. The total amount of 1 mg of lipid
(s) in chloroform was dried using a rotary vacuum evaporator (38 °C) to
form a thin transparent film on the inside walls of a glass tube. The
hydration was performed by the addition of 1 ml of 50 mM carboxy-
fluorescein (CF) solution in 5 mM HEPES (pH 7.4) and vigorous shaking
for 90 min with intervals of heating in a water bath at 38 °C. The re-
sulting suspension of multilamellar liposomes of various sizes was then
extruded through a polycarbonate filter with a pore size of 100 nm
using a mini-extruder (Avanti Polar Lipids) to form uniform large



D. Pinkas, et al. BBA - Biomembranes 1862 (2020) 183405
Table 1
Bacterial strains used in this study.
Strain Based on Mutations Source

SF+ B. subtilis ATCC 21332 American Type Culture Collection

SF— B. subtilis 0164 ATCC 21332 sfp0 [24]

CL+ B. subtilis 168 trpC2 Bacillus Genetic Stock Center

CL—- B. subtilis SDB206 168 clsA::pMutin4, ywjEl::spc, ywiE2::neo [26]
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Fig. 1. Leakage of carboxyfluorescein from liposomes prepared from total phospholipid extract from SF+ (A-C) and SF — (D-F) B. subtilis strains. The phospholipid
composition of the isolates was assessed previously [24]. Surfactin was added at time O to a final concentration of 5, 10 or 20 uM (indicated in the graph legend).
100% leakage was achieved using 0.1% Triton X-100. The parameters for fitting the curves to the convolution of functions fy;-f;» presented in (A)-(F) are listed in
Supplementary Table 1. The rates of CF release (v) were 2.7 + 0.3 and 66.6 + 16.8%/min (p = 0.03) for kinetics presented in A and D, respectively, 54.1 = 10.0
and 247.1 + 44.6%/min (p = 0.02) for the kinetics in B and E, respectively, and 122.6 + 21.0%/min and 561.3 = 32.1%/min (p = 0.01) for the kinetics pre-

sented in C and F, respectively.

unilamellar vesicles (LUVs) filled with CF. Free probe was removed by
gel filtration in a column (20ml) filled with sephadex G50 (GE
Healthcare) with 100 mM NaCl, 5 mM HEPES and 0.5 mM Na,EDTA as
the elution buffer. Flowthrough was collected in fractions of 0.5 ml, and
their phospholipid concentration was determined via inorganic phos-
phate content measurement [28]. Fractions with the highest phosphate
concentration were collected and diluted accordingly to form the ap-
propriate stock solution (10 times the intended final concentration).
Unless otherwise stated in the figure legends, the phospholipid con-
centration in liposome suspensions was 10 pM.

2.6. Liposome leakage assay

The liposome leakage assay [29] was performed in quartz cuvettes
with a minimal volume of 100 pl. Fluorescence was measured at 515 nm
using a Fluoromax-3 spectrofluorometer (Jobin Yvon, Horiba) with an
excitation wavelength of 480 nm. The liposome suspension was diluted
to the appropriate concentration using the elution buffer (see the
Section 2.5 Preparation of carboxyfluorescein-loaded liposomes) and
the background fluorescence intensity FI, was measured. The amount of
added surfactin (Sigma-Aldrich) is indicated in the figure legends. For
liposomes composed of dioleylphospholipids, we had to use a relatively
high surfactin-lipid ratio (5:1), as lower surfactin concentrations only
resulted in a weak long-lasting leakage (Supplementary Fig. 1). After
the addition of surfactin, the suspension was mixed thoroughly and
fluorescence intensity FI was collected every 2 s. The order of additions

(i.e. surfactin solution to liposome suspension or vice versa) had es-
sentially no effect on the observed kinetics (data not shown). While
CMC of surfactin was found to be 10 uM [15, 30, our unpublished data]
and the concentrations used in our experiments were 5, 10, 20 and
50 uM, the effects of the surfactin in our systems were not affected by
micelle formation. Triton X-100 (final concentration of 0.1%, v/v) was
added at the end of the measurement to obtain the maximal fluores-
cence FI., achievable after the disintegration of all liposomes. Leakage
kinetics was then plotted as the percentage of leakage against time (Eq.
(1)); representative curves from at least three experiments are shown.

T=Fo 09

%of leakage =
Flyax — Fo @

The Value T, meaning “leakage half-time” is used to compare the
rate of CF leakage - it expresses the time required after the addition of
surfactin necessary to reach 50% of the maximal fluorescence intensity.
A mean value * standard deviation from all the measured kinetics is
shown. Using Fityk software [31], the time courses of liposome lysis
were fitted to the function:

f(t) = a(1 — exp(—t/7))", 2

where t is the time, a is the amplitude of the effect, t is the time con-
stant of the effect, and n is the coefficient that expresses positive
(n > 1) or negative (n < 1) cooperativity of the leakage, respectively
[32]. For simplicity, we call the parameter n the Hill coefficient here.
For better readability, the functions with n < 1 are further designated
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as “non-cooperative” and functions with n > 1 as “cooperative”. A
single function or combination of several functions can be used to de-
scribe the kinetics, suggesting a multi-modal action. Where appropriate,
before reaching the plateau phase, the rate of lysis was determined by
fitting the curves to the linear function y = v't, where t is the time and v
is the rate of lysis expressed as the percentage of maximum lysis per
minute. The statistical significance of differences in v and T, /, values
was tested by Student's t-test.

In the experiments presented in Figs. 1 and 5, where the total lipid
cell isolates were used for liposome preparation, some spontaneous li-
posome leakage occurred, which increased the background fluores-
cence accordingly (< 15%) over the 3h. The experiments were done
within this interval, which ensured reproducible kinetics (Supplemen-
tary Fig. 2).

2.7. Cell permeabilization assay

For the propidium iodide-based cell permeabilization assay [33],
exponential cultures of B. subtilis (CL+ and CL— strains) were har-
vested via centrifugation (5000g, 25°C, 10 min) and resuspended in
0.5% glucose, 10 mM HEPES (pH 7.4), and 10 uM propidium iodide to a
final concentration of ~2 x 107 cells/ml. Fluorescence was measured
in quartz cuvettes at 620 nm using a Fluoromax-3 spectrofluorometer
(Jobin Yvon, Horiba) with an excitation wavelength of 515 nm. Optical
filters were used to suppress light scattered by the cells (Omega Optical
filters 3RD500-530 and 3RD570LP in the excitation and emission paths,
respectively). At the time point Os, cells were added to a final con-
centration of 2 x 10”/ml in the cuvette with the buffer and desired
concentration of surfactin and dye. The final volume in the quartz
cuvette was 2ml. Fluorescence intensity was recorded every 2s. Per-
meabilization kinetics were plotted as a percentage of fluorescence
intensity against time (Eq. (1)) relative to the maximum fluorescence
reached after using 2.5 uM melittin (Fl,.,) as a positive control. Re-
presentative curves from three experiments are shown.

2.8. Conductivity measurements on planar lipid bilayers

A Teflon chamber separated by a diaphragm with an aperture of
about 0.5 mm in diameter was filled with a buffered salt solution con-
taining 1 M KCl, and 10 mM Tris at pH7.4. A planar lipid bilayer was
painted across the aperture using 3% (w/v) dioleylphosphatidylglycerol
(DOPG, Avanti Polar Lipids) in decane-butanol (9:1, v/v). Surfactin at a
concentration of 4 uM was added to the positive cis side of the mem-
brane. The membrane current was measured using Ag/AgCl electrodes
with an applied voltage of 50 mV, amplified with an LCA-200-10G
amplifier (Femto), digitized with a KPCI-3108 card (Keithley), and
processed with QuB software [34]. Data are presented as a single-pore
conductance (G, pS) histogram with logarithmic binning.

3. Results

3.1. Surfactin-adapted lipid membranes are less prone to surfactin-induced
Lysis

As we have shown previously [24], the SF+ strain of Bacillus subtilis
alters its membrane composition when exposed to self-produced sur-
factin, specifically the proportion of cardiolipin (CL) is enhanced in the
SF+ membrane. To determine whether the observed changes lead to a
higher tolerance of the membrane to the action of surfactin, we isolated
total membrane lipids from the adapted SF + and the non-adapted SF —
cultures. Further, we used those lipids to form carboxyfluorescein-
loaded liposomes. In the liposome leakage assay, the liposome sus-
pensions were diluted to the same phosphate concentration (see the
Section 2.5). Upon the addition of surfactin to either liposome sus-
pension (Fig. 1), we observed an immediate rise in fluorescence in-
tensity, indicating membrane permeabilization. In SF+ Kkinetics, the
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leakage process was somewhat gradual; in contrast, the SF— leakage
curves exhibited a steep rise which stopped sharply and maintained an
almost constant value of fluorescence intensity.

At all of the surfactin concentrations tested, the rate of dye leakage
was faster and reached higher maximum levels in non-adapted (SF—)
lipid membranes. The difference was most pronounced in the SF+ and
SF — liposomes exposed to 5 uM surfactin, where the rate of CF release
was just 2.7%/min in SF+ liposomes compared to 66.6%/min in SF—
liposomes. At higher concentrations of 10 and 20 uM surfactin, the
difference in the rate of dye leakage between the SF+ and SF— lipo-
somes was still more than fourfold (Fig. 1, Supplementary Table 1). In
isolated SF+ liposomes, double the surfactin concentration was re-
quired to induce the same permeabilizing effect as in SF— liposomes.
The exposure of SF— liposomes to 5 and 10uM surfactin led to a
comparable effect to 10 and 20 uM surfactin in SF+ liposomes, re-
spectively.

In general, the kinetics could not be fitted to a simple exponential
function (Supplementary Fig. 3); instead, Eq. (2) was used. All the
leakage curves in Fig. 1 could be fitted to a combination of two kinetic
functions. In SF+ liposomes, the data can be always described by one
“rapid” function with a short T and smaller amplitude (fo1, fo3, fos) and
another one with a long t and higher amplitude (fo,, fo4, foe). In com-
parison, in SF— liposomes this postponed action was faster (functions
fos, f10, f12) than in SF+ liposomes, and had a comparable amplitude to
the initial rapid onset (functions fy;, foo, f11). In all SF+ and SF— ki-
netics, the parameter n exhibited a rather non-cooperative behavior of
surfactin molecules in the membrane (Supplementary Table 1).

We next prepared mixtures of synthetic lipids that resembled the
simplified composition of the lipid isolates previously used in Fig. 1. We
decided to use a ternary system composed of those phospholipids pre-
sent in the B. subtilis membrane that exhibited the most substantial
changes in response to surfactin production [24]. These were phos-
phatidylglycerol (PG), phosphatidylethanolamine (PE) and cardiolipin
(CL) in DOPG/DOPE/TOCL ratios of 0.35:0.20:0.45 (w/w/w) for the SF
+ membrane and 0.55:0.30:0.15 (w/w/w) for the SF— membrane.
Fig. 2 shows that both the synthetic SF+ and SF— leakage curves ex-
hibited a rather unusual S-shape, which indicates a multi-response be-
havior of surfactin in the membrane. The leakage curves might be de-
scribed by a combination of three functions — a non-cooperative one
with a small amplitude (functions f;3 and f;¢), followed by the other
two functions with rising n and comparable amplitudes (f14 - f;5 and f;,
- f15 in the synthetic SF+ and SF — curves, respectively). The liposomes
formed from the lipid mixture that resembled the SF+ membrane
proved to be more resilient to surfactin-induced lysis; in synthetic SF+
kinetics, the t values of the cooperative functions were three times as
long as in synthetic SF— ones, meaning an overall slower leakage. The
rate of lysis was v = 1.7%/min, compared to 5.0%,/min for synthetic SF
+ and SF—, respectively. Thus, differences in the susceptibility to
surfactin action were observed in both liposomal systems composed of
either isolated lipids or of the corresponding synthetic lipids. In lipo-
somes composed of isolated lipids, this difference was demonstrated
both by the rate and overall time-course of lysis. In liposomes composed
of membrane-mimicking lipids, we only observed changes in overall t.

3.2. Effect of different phospholipid classes on membrane stability against
surfactin action

To test the influence of individual phospholipid classes on mem-
brane resistance against surfactin, we used liposomes consisting of the
carrier lipid phosphatidylcholine (PC, not present in the B. subtilis
membrane), with 2:1 (w/w) additions of major B. subtilis phospholipids
- PG, PE, CL, and phosphatidic acid (PA). Fig. 3A demonstrates that
liposomes composed solely from PC were quite sensitive to surfactin-
induced leakage. After the addition of surfactin, the fluorescence in-
tensity rose steeply, after 110 s the lysis was almost complete (90%),
and at the end it reached 99%. Liposomes composed of binary
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Fig. 2. Leakage of carboxyfluorescein from liposomes prepared from a mixture of synthetic phospholipids mimicking the composition of the lipid isolates presented
in Fig. 1 - DOPG:DOPE:TOCL 0.35:0.20:0.45 (w/w/w) and 0.55: 0.30: 0.15 (w/w/w) for SF+ (A) and SF — respectively (B). Surfactin was added at time O to a final
concentration of 50 uM. 100% leakage was achieved using 0.1% Triton X-100. The parameters for fitting the curves to the convolution of functions f;3-f;g presented
in (A) and (B) are listed in Supplementary Table 1. The rates of CF release were 1.7 = 0.0%/min and 5.0 * 0.0%/min (p = 0.0002) for the kinetics presented in A

and B, respectively.

phospholipid mixtures (PC with the tested phospholipid in a 2:1, w/w
ratio) were less susceptible to surfactin-induced lysis compared to the
ones with PC alone (Fig. 3B-E). The stabilizing effect of the tested
phospholipids increased in the order PE < PA < PG < CL, and is
demonstrated by the decreased rate of leakage and decreased maximal
surfactin-induced leakage over the same period. For PC/PE, the value of
v (%/min) dropped slightly in comparison to liposomes solely com-
posed of PC, v = 51.4 and 44.6%,/min for PC and PC/PE, respectively.
With PC/PA, the rate was 28.9%,/min, and with PC/PG the rate of lysis
decreased to 22.9%/min. The maximal surfactin-induced leakage de-
creased from 99% (in PC) to approximately 90% in all three of these

A 100 T r T T T T B 100

(PC/PE, PC/PA and PC/PG) liposomal systems. The presence of CL in
the liposomal membrane exhibited the strongest stabilizing effect on
liposome integrity (Fig. 3B). The rate of lysis dropped more than
threefold to v = 14.1%/min in comparison to liposomes composed so-
lely from PC, and the maximum lysis was reduced to 80%. Quite ob-
viously, in PC/CL liposomes (Fig. 3B), the character of the leakage ki-
netics differed the most from the other systems.

To further investigate the concentration dependency of the CL sta-
bilization effect in the membrane, we used liposomes consisting of PG/
CL mixtures containing 0%, 15% and 30% cardiolipin (w/w) and ex-
posed them to surfactin (Fig. 4). All the curves might be described by
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Fig. 3. Leakage of carboxyfluorescein from liposomes prepared from phosphatidylcholine (PC) and PC with the main phospholipid representatives of B. subtilis
membrane. (A) Pure PC, (B) mixture of PC and cardiolipin (TMCL), (C) mixture of PC and phosphatidic acid (DMPA), (D) mixture of PC and phosphatidyletha-
nolamine (DMPE), (E) mixture of PC and phosphatidylglycerol (DMPG). In (B)-(E) the ratio of PC to the given phospholipid in the liposome membrane was 2:1 (w/
w). The phospholipid concentration in the liposome suspension was 25 uM, and surfactin was added at time O to a final concentration of 10 uM. 100% leakage was
achieved using 0.1% Triton X-100. The parameters for fitting the curves to functions f;o-f3; presented in (A)—(E) are listed in Supplementary Table 1. The rates of CF
release were as follows — PC/- (i.e. PC only) 51.4 + 0.4, PC/PE 44.6 + 1.9 (p = 0.16), PC/PA 28.9 + 1.5 (p = 0.03), PC/PG 22.9 * 0.9 (p = 0.01) and PC/CL
14.1 *= 0.2%/min (p = 0.0004).
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Fig. 4. Leakage of carboxyfluorescein from liposomes as a function of cardiolipin concentration. Pure DOPG (A) and DOPG with 15 (B) and 30% (C) additions (w/w)
of TOCL were used. The phospholipid concentration in the liposome suspension was 10 uM. Surfactin was added at time O to a final concentration of 50 uM. 100%
leakage was achieved using 0.1% Triton X-100. The parameters for fitting the curves to functions f33-f3g presented in (A)—(C) are listed in Supplementary Table 1. The
rates of CF release were 57.4 + 4.8, 41.7 = 6.7 (p = 0.06) and 17.2 + 2.1%/min (p = 0.003) for the kinetics presented in A, B and C, respectively.

the combination of two functions (Eq. (2)) — one with longer t (f33, f35
and f37) followed by a delayed cooperative one (f34, f3¢ and f3g). Raising
the proportion of CL in the membrane gradually prolonged the t of both
functions (Supplementary Table 1) and in PG/CL30 also lowered the
amplitude of the postponed cooperative function (f3g compared to fz4
and f3¢). The susceptibility of the liposomes to surfactin-induced
leakage decreased with increasing content of cardiolipin, with pure PG
reaching a rate of lysis v = 57.4%/min, while the presence of 15% CL
resulted in v = 41.7%/min, and the highest proportion of CL (30%)
gave v = 17.2%/min. Thus, the presence of cardiolipin in the liposomal
membrane decreases the rate of lysis in a concentration-dependent
manner.

3.3. Cardiolipin-deficient B. subtilis is more prone to surfactin-induced
membrane permeabilization

All the above experiments pointed to the essential role of CL in
membrane stabilization against the action of surfactin. We further
decided to validate the role of CL in the complex environment of a B.
subtilis membrane that has never been exposed to surfactin. We used a
pair of B. subtilis strains - a wild-type CL+ strain and its CL — derivative
(Table 1), whose membrane lacks cardiolipin, and accordingly the
membrane lipids have a higher proportion of PG [35]. We isolated total
cell lipids from each of the strains and reconstituted CF-loaded lipo-
somes. These liposomes were exposed to surfactin to final surfactin
concentrations of 5, 10 and 20 uM. The data in Fig. 5 clearly demon-
strate a higher stability of CL-containing membranes (isolated CL +) in
comparison to CL— ones (isolated CL —). With 10 and 20 uM surfactin,
the rates of dye leakage were twice as high in the CL— liposomes than
the CL+ ones (Fig. 5, Supplementary Table 1). The functions fitted to
the kinetic data show that the cooperative phase of leakage is faster in
the CL— liposomes (z is lowered in f;5 and f5p) than in the CL+ ones
(f42 and f44). It is noteworthy that in the CL— liposomes treated with
20 puM surfactin, the proportion (amplitude) of the initial non-co-
operative function (f49) also increases sixfold compared to CL+ lipo-
somes (f43).

Thus, these experiments with liposomes composed of total lipids
isolated from CL+ and CL— B. subtilis strains confirmed that mem-
branes containing CL are less prone to surfactin-induced leakage. Next,
we directly tested the stabilizing effect of cardiolipin against surfactin
in living B. subtilis CL+ and CL— strains. We employed a membrane
permeabilization assay with propidium iodide (Fig. 6). In this experi-
ment with the suspension of living cells, the surfactin concentration
needed to be increased up to 200 puM, as B. subtilis cells are capable of
resisting high surfactin concentrations [21]. When we exposed the cells
of B. subtilis CL.— to surfactin concentrations of 50, 100 and 200 uM, the
fluorescence intensity reached 50% after 7, 4.3 and 3.9 min, respec-
tively. With the CL+ strain, almost doubled values of 13.5, 7.8 and

7.1 min were observed. While increasing the surfactin dose from 50 to
100 uM resulted in a substantially faster permeabilization of both
strains, a further increase in the concentration to 200 uM led to only a
minor difference in the rate of lysis. This suggests some sort of sa-
turation effect, which we also observed in the CL— strain - using 100
and 200 puM surfactin also induced equal permeabilization. The data
clearly show that the rate of permeabilization of CL— cells was faster
and more effective. At an equal surfactin concentration, CL+ strain
took approximately twice as long to reach 50% permeabilization as
CL— cells. Or, in other words, a surfactin concentration of 100 and
200 uM had roughly the same effect on the CL+ strain as 50 uM of
surfactin on the CL— strain, indicating a substantially higher suscept-
ibility to surfactin of the CL— strain.

3.4. Surfactin forms diverse pores in DOPG membrane

In our wide range of liposomal systems, we always observed mul-
timodal modes of membrane permeabilization induced by surfactin.
This behavior was demonstrated in the non-trivial shape of the leakage
curves that could not be fitted to a simple exponential function. The
kinetics were only described with a set of functions given by Eq. (2).
The parameters of these functions suggested that surfactin permeabi-
lized the membranes via several mechanisms, even within a single ex-
periment. This prompted us to check the distribution of surfactin pore
conductances in the planar DOPG membrane. The histogram in Fig. 7
shows that surfactin forms pores with broad values of conductance (G,
pS) ranging from a few pS up to 12 nS in 1 M KCL. The most frequent
single-pore conductance unit was ~120 pS. The different conductance
states might correspond to the heterogeneous pores in the liposomal
membrane, which could be characterized by a varying number of sur-
factin monomers in the oligomeric pore explaining the multimodal
leakage kinetics.

4. Discussion

We proved surfactin to be a pore-forming antimicrobial that forms a
broad distribution of pores (Fig. 7), which may explain the multimodal
leakage kinetics. Surfactin exerts antimicrobial potential against a wide
range of microorganisms including bacterial and fungal pathogens [36],
which might be of high importance in medicine [37], plant protection
[38] or food safety [39]. Although surfactin's potential use in human
medicine might be hindered by its relatively high hemolytic activity
[40], surfactin could be employed in related areas: its anti-Legionella
activity might be used to control natural Legionella pneumophila re-
servoirs in the environment [12]. Also, in basic research, surfactin can
serve as a valuable model for other compounds with a similar mode of
action, together with possible resistance or tolerance mechanisms in
bacteria.
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Fig. 5. Leakage of carboxyfluorescein from liposomes prepared from lipids isolated from CL+ (A-C) and CL— (D-F) B. subtilis strains. Surfactin was added at time 0
to a final concentration of 5, 10 and 20 uM (indicated in the graph legend). 100% leakage was achieved using 0.1% Triton X-100. C Parameters for fitting the curves
to functions f39-f5¢ presented in (A)—(F) are listed in Supplementary Table 1. The rates of CF release were 2.0 + 0.8 and 2.2 = 0.2%/min (p = 0.85) for the kinetics

presented in A and D, respectively, 7.9 + 0.4 and 15.5 = 2.4%/min (p =

(p = 0.0001) for the kinetics presented in C and F, respectively.
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Fig. 6. Propidium iodide assay with living cells of B. subtilis CL+ and CL—
strains. Cell concentration was 2 X 107/ml. Surfactin at a concentration of 50,
100 and 200 pM was added at time point 0 min. 100% permeabilization was
achieved with 2.5 uM of melittin.

Generally, the activity of membrane-active antimicrobials depends
on target membrane characteristics such as membrane lipid composi-
tion and membrane potential. Unlike daptomycin, which is also a pore-
forming lipopeptide antibiotic [41], the pore forming activity of sur-
factin is not affected by low membrane voltage [14,42]. This is a highly
desirable feature of any antimicrobial compound, as it also enables its
activity against dormant persistent cells with a low level of membrane
potential. As for the lipid composition of the target membrane, the
mode of action of some AMPs includes targeting specific lipids of the
bacterial membrane - e.g. PG for daptomycin [43], CL for telomycin
[44] or PE for cinnamycin [45]. Hand in hand with this principle, the
mechanism of resistance also involves target site modification. In
daptomycin-resistant strains of B. subtilis, S. aureus, E. faecalis or E.
faecium, the resistance mechanism is realized by changes in teichoic or
lipoteichoic acids of the cell wall, by altering membrane fluidity (either
increasing or decreasing), by decreasing the content of PG, and the

0.04) for B and E, respectively, and 13.7 + 1.0%/min and 32.0 + 0.8%/min
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Fig. 7. Histogram of surfactin single-pore conductance. The pore-forming ac-
tivity of surfactin (4 pM) was tested in 1 M KCIl and 10 mM Tris, pH 7.4 with a
constant voltage of 50 mV applied to the DOPG membrane. The histogram was
created from pore openings (n = 252) using logarithmic bins (20 bins per
decade). See Materials and methods (Section 2.8) for details.

presence of CL or redistribution of CL microdomains leading to the
diversion or repulsion of daptomycin from the membrane [46]. Even
though it was thought that it is probably more difficult for bacteria to
evolve a resistance mechanism towards membrane-targeting agents, it
is becoming apparent that this is plausible. Thus, we need to improve
our understanding about the AMP mechanism of action and the re-
sistance and/or tolerance employed by bacteria.

We have previously shown that the surfactin-producing strain B.
subtilis ATCC 21332 (SF +) progressively accumulated cardiolipin up to
22% of the total phospholipids during surfactin production. CL thus
became the second major phospholipid of the membrane [24] and
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brought about membrane rigidization that opposed the fluidizing effect
of surfactin. In this paper, we isolated membrane lipids from the SF+ B.
subtilis culture (20 h in the stationary phase, production of surfactin of
up to 87 mg/1, which corresponds to 84 uM surfactin) and from the
mutant surfactin-non-producing strain B. subtilis SF— (20h in the sta-
tionary phase, surfactin 0 mg/ml). Although surfactin-producing strains
can resist extremely high surfactin concentrations [47], a concentration
in the range of tens of mg/1 is harmful for a number of bacterial pa-
thogens [48]. In our carboxyfluorescein-loaded SF+ and SF-— lipo-
somes (Fig. 1), the obvious difference in the shape of the leakage ki-
netics implied that the mechanism of lysis is different in isolated SF+
and SF— liposomes. In SF— liposomes exposed to 10 and 20 uM sur-
factin, we observed an abrupt steep rise in leakage, which took only a
few seconds and stopped sharply upon reaching the plateau phase. We
hypothesize that in SF— liposomes the initial fast phase of leakage
depletes free surfactin from the solution, surfactin forms mixed micelles
[30] with phospholipids from the disrupted membranes, and then there
is a lack of monomers to form oligomeric pores in the later stages. In
contrast, the time-course of the SF+ leakage curve was a more gradual
one and would continue ad infinitum.

To obtain a deeper insight into the comparison of the leakage curves
with each other, we performed a comparative analysis of the shapes of
the curves. To clarify the principle, let's have curves A and B fitted to
functions a and b, respectively (each could actually be a convolution of
several functions). We fitted curve A to function b and tested (i) whe-
ther prolonging or shortening function b on the horizontal axis (changes
in “global ©”) and/or (ii) whether increasing or decreasing the ampli-
tude of function b (changes in “global a”) could describe the data in
curve A. The same test was performed for curve B and function a. The
quality of this global fit was evaluated by %2 values (Supplementary
Fig. 3). This analysis confirmed that the leakage kinetics of isolated SF
+ liposomes with increasing surfactin concentration are very similar,
and at the same time all the kinetics of isolated SF — liposomes are very
much alike. In contrast, isolated SF+ and SF— kinetics differ greatly —
we cannot overlap the SF— kinetics with any SF+ function (with the
single trivial exception of slow kinetics at 5 uM surfactin, which can be
described by a function corresponding to the SF+ function at 20 uM
surfactin). This overall trend might point to a different mechanism of
leakage of the SF+ and SF— membrane lipid composition and also a
higher efficiency of the action of surfactin on SF— membranes.

With liposomes composed from the mixtures of synthetic phospho-
lipids (Fig. 2), both the synthetic SF+ and SF— Kkinetics exhibited the
same multi-phasic behavior demonstrated by the sigmoidal leakage
kinetics. Such a shape of leakage curve is relatively uncommon,
nevertheless it has also been described for certain membrane-active
peptides [49-51]. The membrane composed of lipids resembling the
SF— membrane was more prone to surfactin-induced lysis. The main
difference between the SF+ and SF— membranes was the higher
content of CL in the SF+ membrane at the expense of PG and PE which
lead to a decreased rate of liposome lysis.

It is noteworthy that with these mixtures of synthetic phospholipids,
the kinetics of surfactin-induced lysis were much slower than with the
liposomes composed of isolated PLs (Fig. 1). We had to use a higher
surfactin concentration (50 uM in Figs. 2 and 4 vs. a maximum of 20 uyM
in Fig. 1), while the phospholipid concentration in the liposome sus-
pension was kept at 10 pM. We used such a relatively high surfactin-to-
lipid ratio before in our previous study, working with liposomes com-
posed of these types of synthetic lipid mixtures [23] to reach complete
lysis within a reasonable timeframe (Supplementary Fig. 1). A surfactin-
to-lipid ratio of up to 2.4 was also used in a study of the mechanism of
membrane permeabilization by surfactin on liposomes composed of
palmitoyl-oleoyl-phospholipids [17]. We propose that there might be
two main reasons for such a relatively high surfactin concentration
being required. Firstly, the liposomes from the total lipid extracts have
an intrinsic property to be more vulnerable to spontaneous lysis
[52,53]. Secondly, surfactin activity is higher in membranes containing
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PLs with shorter fatty acids [54,55]. Thus, membranes containing PLs
with the fatty acid chain length of 18 carbon atoms found in dioleyl-PLs
are less prone to surfactin-induced lysis.

We next tested the contribution of individual PL classes present in
the B. subtilis membrane to the bilayer's stability towards the action of
surfactin (Fig. 3). We chose PC as a neutral zwitterionic carrier lipid
which is not present in the B. subtilis membrane. As was already shown,
PC is highly miscible with surfactin [55] and such PC-based systems are
suitable for studying any kind of stabilization effect of the PC/PL
mixture. The lowered rate of lysis, at least with PC/PE liposomes, might
be partially attributed to the difference between a binary PL mixture
and a single-lipid bilayer. The binary lipid system composed of lipids
with different molecule geometry (cone-shaped PE, cylindrical shape of
PC) may better resist the strain induced by surfactin insertion into the
membrane and by the subsequent membrane defects. We hypothesize
that also the stabilizing effect of PA might be attributed, as with PE, to
its conical shape and/or negative charge repulsing negatively charged
surfactin. As we already showed in our previous work, PE and PA have
a stabilizing effect against surfactin in liposomes composed of PG/PE
1:1 and PG/PE/PA 1:1:1 [23]. Also other studies showed that surfactin
leakage from liposomes was inhibited by PE, however PE was always
present in high proportion in the liposome membrane - PC/PE 1:1 [17]
and PE/PG 3:2 [56].

The stabilizing effect of CL against surfactin permeabilization was
the most pronounced. Compared to pure PC liposomes, in PC/CL lipo-
somes the rate of lysis decreased more than threefold and the co-
operative components of the kinetics (functions fs3 and fs4) were de-
layed and with lower amplitudes (Fig. 3, Supplementary Table 1). Using
PG liposomes with a different proportion of CL we corroborated the
stabilizing effect of CL on membrane integrity against surfactin (Fig. 4).
With respect to increasing CL concentration, the rate of liposome
leakage decreased and with the 30% content of CL, also the second
highly cooperative function (f3g) formed a smaller proportion of the
whole kinetics compared to the pure PG liposomes. A decreased con-
tribution of the cooperative component might suggest that mechanisms
involving the formation of larger complexes/pores are suppressed with
an increasing concentration of cardiolipin.

In parallel, we employed a B. subtilis mutant strain defective in
cardiolipin synthesis and tested the role of cardiolipin in membrane
protection against surfactin-induced permeabilization. Both carboxy-
fluorescein leakage from liposomes prepared from the total lipid extract
and the membrane permeabilization assay with living cells (Figs. 5 and
6) confirmed that the absence of CL leads to a higher vulnerability to
surfactin's action. Analysis of the global fit (Supplementary Fig. 4) of
liposome leakage curves from Fig. 5 showed that we cannot fit the data
of CL— kinetics to the CL+ ones and vice versa, which suggests that a
different mechanism of lysis is occurring. On the other hand, we ob-
served a similarity between the CL+ data and the fit describing the PC/
CL and PG/CL15 kinetics, indicating that the presence of CL modifies
the time-course of the leakage curves, suggesting a specific mode of
action. Using living CL+ B. subtilis cells (Fig. 6), the kinetics of lysis
induced by surfactin were slower and reached lower maximal values
than with the CL— strain. In both CL+ and CL— cell suspensions, the
increase in PI fluorescence begins after a lag time, which implies that
the leakage requires the formation of some complexes in the membrane
through which PI enters the cells. In CL+ cells, it took about 2 min
before the onset of permeabilization, while this lag was shorter in the
CL — strain — about 1 min. This phenomenon was not dependent on the
surfactin concentration used.

Both the experiments with living cells and with liposomes from total
lipid extract (both CL+/CL— and SF+ /SF— systems) showed the in-
creased effectiveness of surfactin-induced leakage in the absence of
cardiolipin in the membrane. If we plot the rate of lysis as a function of
surfactin concentration (Fig. 8), we obtain a linear dependence within
the surfactin concentration range used. The slope of the linear function
is more than four times steeper in SF— liposomes, which contain a
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Fig. 8. Dependence of the rate of surfactin-induced leakage on surfactin concentration (A, B) and cardiolipin concentration (C). (A) and (B) show the dependence of
the rate of lysis on the surfactin concentration used (data acquired from Fig. 1 and Fig. 5, respectively). The parameters of the linear fit are as follows: SF+
y =7.8x — 31.6, SF— y = 32.8x — 90.5, CL+ y = 0.8x — 0.9, CL— y = 1.9x — 4.8. (C) shows the dependence of the rate of lysis as a function of the concentration
of cardiolipin in the membrane (data acquired from Fig. 4). The parameters of the linear fit are as follows: y = —1.4x + 59.2.

lower amount of cardiolipin than SF+ ones (Fig. 8A). The absence of
cardiolipin in CL— liposomes results in more than double the slope
(Fig. 8B) compared to CL+ liposomes. Thus the higher propensity to
surfactin-induced leakage is more pronounced in the SF+ /SF — system
than in the CL+/CL— one. This might be ascribed to the fact that the
SF+/SF— liposomes consisted of lipids that differed more in their
phospholipid composition [24] than the CL+/CL— ones [35]. Fig. 8C
shows that increasing the proportion of cardiolipin in the liposomal
membrane linearly decreases the rate of leakage. Thus, all the data
point to an important role of cardiolipin in protecting the B. subtilis
membrane against surfactin-induced leakage.

Nowadays, it is becoming increasingly apparent that antibiotic
susceptibility may be associated with the lipid composition of a bac-
terial membrane. As for cardiolipin, surfactin is not the only antibiotic
whose activity is affected by the content of this phospholipid. Enhanced
levels of cardiolipin are associated with daptomycin resistance in
Enterococcus faecalis and E. faecium [57] or in Staphylococcus aureus
[58]. It was shown that CL does not affect daptomycin binding [58], but
instead it inhibits pore formation by preventing daptomycin oligo-
merization [59] and by inhibiting the lipid-extraction effect [58].
Cardiolipin, which promotes negative membrane curvature, may also
protect membranes against the positive curvature stress induced by
pore-forming antimicrobial peptides such as magainin [60] or aurein
[61]. On the other hand, in Pseudomonas aeruginosa, CL might also
promote the action of a positively charged antibiotic - the aminogly-
coside antibiotic 3’,6-dinonyl neamine. This antibiotic targets cardio-
lipin microdomains in the bacterial membrane, which leads to the
disassembly of microdomains into cardiolipin clusters and the reloca-
tion of CL in the lateral organization of the membrane. This results in an
impairment of the function of domain-bound proteins such as MreB and
proteins of the respiratory chain [4]. It was also demonstrated that CL
enhances membrane permeability and the efficiency of action of 3’,6-
dinonyl neamine against P. aeruginosa [62].

We hypothesized about a plausible explanation for the stabilizing
effect of the membrane CL against surfactin. As we have previously
suggested [24], cardiolipin may increase the net negative charge of the
membrane and thus prevent the electrostatic interaction of negatively-
charged surfactin with the membrane. To explore this, we assessed the
amount of bound surfactin to B. subtilis CL+ and CL— cells after in-
cubation with 50, 100 and 200 uM surfactin (Supplementary Fig. 5). At
all the surfactin concentrations used, the CL— strain bound a margin-
ally higher amount of surfactin (ca. 20%) than CL+; however, it was
only when using 50 uM surfactin that the difference was statistically
significant (p value = 0.02). Interestingly, the total amount of bound
surfactin did not change with increasing surfactin concentration. These
results imply that the presence or absence of CL in the membrane does

not affect the amount of tightly bound surfactin, and that both types of
membranes reached some threshold concentration of membrane-bound
surfactin. When the surfactin concentration is increased further, an-
other mechanism of surfactin's mode of action probably takes over in
the cell membrane. This may involve the formation of surfactin-rich
clusters that disrupt the membrane locally [18]. In our opinion, the
increased content of cardiolipin does not significantly limit this
threshold. Nevertheless, due to its coulombic effect, CL may play a role
in diverting surfactin monomers from the membrane surface, and thus
slows down surfactin intake or reduces its effectivity once in the
membrane. We can further speculate that CL+ membranes bind a
comparable amount of surfactin to the CL— ones; however, similar to
daptomycin [59], the formation of a functional pore or at least larger
oligomeric pores is hindered. We should admit that the results of the
amounts of bound surfactin could be affected by the fact that we as-
sessed them in the plateau phase of the recorded PI kinetics (10 min
exposure of cells to surfactin). The differences in CL+ and CL — kinetics
are evident even from the lag-time before the onset of the PI fluores-
cence increase. We might speculate that this time interval of 1-2 min is
crucial, and we suppose that it may indicate differences in surfactin
binding capacity between the strains; however, this time interval is too
short to analyze surfactin binding.

In conclusion, we demonstrate that a surfactin-adapted membrane
obviously better resists surfactin-induced permeabilization. The phos-
pholipid cardiolipin is naturally not the only factor in surfactin toler-
ance; however it is the key lipid component for stabilizing the Bacillus
subtilis membrane. Its presence in the membrane slows down the sur-
factin-induced leakage and decreases the overall degree of lysis. We
propose that the possible mechanism might involve a reduced primary
interaction of surfactin with a membrane containing cardiolipin,
blocking surfactin monomers from oligomerization, preventing the
formation of large pores or counteracting the positive curvature stress
introduced by surfactin insertion into the membrane. To resolve this, a
separate study would need to be conducted using model membrane
systems.
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Surfactin, an anionic lipopeptide produced by Bacillus subtilis, is an antimicrobial that targets the cytoplasmic mem-
brane. Nowadays it appears increasingly apparent that the mechanism of resistance against these types of anti-
biotics consists of target site modification. This prompted us to investigate whether the surfactin non-producing
strain B. subtilis 168 changes its membrane composition in response to a sublethal surfactin concentration. Here
we show that the exposure of B. subtilis to surfactin at concentrations of 350 and 650 pg/ml (designated as SF350
and SF650, respectively) leads to a concentration-dependent growth arrest followed by regrowth with an altered

Keywords: . .. L. R . .
surfactin growth rate. Analysis of the membrane lipid composition revealed modifications both in the polar head group
membrane and the fatty acid region. The presence of either surfactin concentration resulted in a reduction in the content

of the major membrane phospholipid phosphatidylglycerol (PG) and increase in phosphatidylethanolamine
(PE), which was accompanied by elevated levels of phosphatidic acid (PA) in SF350 cultures. The fatty acid anal-
ysis of SF350 cells showed a marked increase in non-branched high-melting fatty acids, which lowered the flu-
idity of the membrane interior measured as the steady-state fluorescence anisotropy of DPH. The liposome
leakage of carboxyfluorescein-loaded vesicles resembling the phospholipid composition of surfactin-adapted
cells showed that the susceptibility to surfactin-induced leakage is strongly reduced when the PG/PE ratio
decreases and/or PA is included in the target bilayer. We concluded that the modifications of the phospholipid

phospholipids
Bacillus subtilis

content of B. subtilis cells might provide a self-tolerance of the membrane active surfactin.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The cytoplasmic membrane is thought to be an underexploited antibi-
otic target. Nevertheless, antibiotics targeting the cytoplasmic membrane
possess several advantages such as rapid action and also an activity
against non-multiplying and multi-resistant bacteria. Also, possible obsta-
cles with membrane permeability do not have to be considered, because
the membrane itselfis the primary target of such antibiotics. In addition, it
is presumed that the development of a resistance mechanism against a
membrane targeting antibiotic is more difficult for two main reasons.
First, modifications of the cytoplasmic membrane may interfere with
the proper functioning of the membrane and with cell physiology because
it is a unique and essential cell structure. Second, the bactericidal action
of membrane-targeting compounds is very rapid, thus decreasing the
chance for resistance to occur. On the other hand a resistance mechanism
against natural antimicrobial compounds must exist at least in the
producing cells, which protect themselves in order to avoid suicide
[1] and resistance could emerge in other bacterial species following
clinical use. Membrane-active compounds such as daptomycin [2]
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produced by Streptomyces roseosporus and telavancin [3], a semi-
synthetic derivative of vancomycin, are already in clinical use. Although
to date no clinical isolate has been found with an acquired resistance to
telavancin [4], resistance to daptomycin was detected shortly after its
clinical introduction [5]. The mechanism of resistance is quite diverse
but involves the target site, i.e. the cytoplasmic membrane, and cell wall
modifications [6].

One of the antimicrobials that permeabilizes the cytoplasmic mem-
brane is a lipopeptide antibiotic surfactin produced by Bacillus subtilis.
Surfactin is composed of a cyclic heptapeptide bearing two negative
charges (Asp, Glu) interlinked with a 3-hydroxy fatty acid comprising
12-16 carbon atoms. It is capable of inserting itself into the cytoplasmic
membrane, where it interacts with its lipid moiety leading to the loss of
membrane barrier properties, eventually resulting in its complete disin-
tegration by a detergent mechanism [7-9]. Both the polar head group
region and the fatty acyl chains of membrane phospholipids may
modulate the surfactin-membrane interaction and its penetration into
the target bilayer in vitro [10,11].

The question arises of how B. subtilis ensures its self-resistance to
membrane permeabilization induced by surfactin at concentrations
that are able to inhibit the growth of pathogenic bacteria. It could be
expected that a similar strategy might be also involved as an acquired
resistance in pathogens. To find the answer, we previously carried out
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a comparative analysis of an isogenic pair of strains - a surfactin produc-
er and its non-producing mutant [12]. We described that in the
surfactin-producing strain B. subtilis ATCC 21332, surfactin production
results in an enhanced content of cardiolipin in the membrane, leading
to a plausible electrostatic repulsive effect preventing surfactin from
interacting with the membrane, and an increased rigidity of the mem-
brane counteracting the fluidizing effect of surfactin [12]. Thus, a target
site modification might be regarded to be part of the resistance mecha-
nism in that bacterium. Now, we decided to verify the assumption of
possible target site modification induced by the membrane-targeting an-
timicrobial surfactin. We used B. subtilis 168, which does not produce
surfactin, and exposed it to two different surfactin concentrations during
the exponential phase of growth.

B. subtilis 168 possesses all the genes necessary for non-ribosomal
surfactin synthesis, however it does not produce surfactin due to a
frameshift mutation in the essential gene sfp [13] coding for the
phosphopantetheine cofactor. Nevertheless, it is highly likely that this
strain bears the genetic information not only for surfactin production
but naturally also for surfactin resistance. To date the only gene con-
tributing to surfactin resistance in B. subtilis is yerP (swrC), encoding
the homolog of a proton-dependent multidrug efflux pump belonging
to the RND family. However even the swrC-deficient strain of
B. subtilis 168 is able to resist high surfactin concentrations in the medi-
um [14]. This suggests that another resistance mechanism must exist
in surfactin self-resistance. As the propensity to membrane perme-
abilization is strongly influenced by the phospholipid composition of
the entire membrane in vitro, target site modification might be taken
into consideration. We aimed to determine whether B. subtilis 168
(i) changes its phospholipid composition (both polar heads and fatty
acids of membrane phospholipids) in response to surfactin exposure,
(ii) if these changes are concentration-dependent and (iii) if the adaptive
modifications of the lipid bilayer might contribute to the survival of
B. subtilis cells.

2. Materials and Methods
2.1. Growth of B. subtilis in the presence of surfactin

B. subtilis 168 (trpC2, Bacillus Genetic Stock Center) was grown aero-
bically in nutrient broth (Oxoid) at 30°C and the growth was monitored
by measuring the optical density at 420 nm. When the culture reached
the exponential phase of growth (OD ~ 0.5) it was used to inoculate
agar plates (1 x 107 cells per plate) containing surfactin at a concentration
of 350 and 650 pg/ml respectively, and the cultivation continued at 30°C.
To follow the growth of the culture, the biomass was washed from the
plate using 5 ml of physiological solution and the OD of the suspension
was measured. The cell biomass for the subsequent lipid isolation and
analysis was harvested from the plates during the exponential phase of
growth - log, (OD.1000) ~ 9.0 (OD4y ~ 0.5).

2.2. Isolation of surfactin

The surfactin-producing strain B. subtilis ATCC 21332 (American
Type Culture Collection) was grown at 30°C in mineral salt medium
containing glucose 40 g/1, KH,PO4 30 mM, NH4NO3 50 mM, Na,HPO,4
40 mM, MgS0,4 0.8 mM, FeSO4 1 mM,CaCl, 7 uM, and Na,EDTA 4 uM
for 3 days [15]. The cells were spun down, the pH of the cell-free super-
natant was adjusted to pH 2.0 with HCl, and the acid precipitation was
conducted overnight at 4 °C. The pelleted precipitate was extracted
with methanol at room temperature; the solvent was evaporated in
vacuo at 40 °C and dissolved in chloroform. The chloroform extract
was filtered through glass fiber filters (GF/C, Whatman) and again
evaporated in vacuo under the same conditions. The final crude extract
containing surfactin was stored at -20°C.

2.3. Surfactin analysis

Surfactin concentration was determined by reverse-phase C18 HPLC
using a HPLC Agilent 1200-Agilent 6460 Triple Quadrupole MS system
equipped with a Zorbax Eclipse XDB-C18 column (particle size 5 pm,
Agilent Technologies). The mobile phase consisted of (a) 0.1%
formic acid in acetonitrile and (b) aqueous 0.1% formic acid at a ratio
of a/b 80%:20% (v/v) and the mobile phase flow rate used for the
analysis was 1 ml/min. The sample size was 5 pl. Five surfactin isoforms
(C12-C16 surfactin and sodium adduct ions) were detected at m/z
994.6 and 1016.6, m/z 1008.6 and 1030.6, m/z 1022.6 and 1044.6, m/z
1036.6 and 1058.6, m/z 1050.6 and 1072.6, respectively. The propor-
tions of the five surfactin isoforms were as follows: C12 0.8 + 0.1 %,
C13734+06%,C1446.9 + 0.8%,C1541.6 £ 0.3 %,C1634 £ 0.2 %.
This is in agreement with commercial surfactin (Sigma-Aldrich), which
served as a standard. The data were analyzed using Agilent MassHunter
Workstation Data Acquisition and Agilent MassHunter Data Analyses.

24. Lipid extraction and analysis

Lipids were extracted from the cell biomass using a hexan-
isopropanol 3:2 (v/v) mixture. After evaporation of the solvent in
vacuo at 40 °C, the lipid extract was dissolved in chloroform, filtered
through glass fiber filters (GF/C, Whatman) and dried again. The lipid
isolate was used for fatty acid analysis or separated into phospholip-
id classes using TLC (silica gel 60 G plates, Merck) in chloroform-
methanol-water (65:25:4, v/v/v) as the mobile phase. The spots corre-
sponding to each phospholipid class were collected from the plate and
quantified spectrophotometrically as the content of inorganic phosphate
after digestion with perchloric acid [16].

2.5. Fatty acid analysis

Phospholipid fatty acids of extracted lipids were transesterified to
fatty acid methyl esters by incubation in sodium methoxide at room
temperature according to a previously published procedure [17]. After
neutralization by the addition of methanolic HCI, the fatty acid methyl
esters (FAMEs) were extracted with pentane, dried under a flow of
nitrogen and dissolved in heptane before analysis using a GCMS-QP
5050A gas chromatograph (Shimadzu, Japan) with a mass spectrometer
detector. A DB-5MS separation capillary column (30 m x 0.25 mm,
stationary phase thickness 0.25 pm) was purchased from Agilent
Technologies (USA). The linear velocity of the carrier gas was set to
30 cm s™'. An AOC-20i automatic sampler (Shimadzu, Japan) was used
to inject 2 pl of the samples, which were measured in split (1:20) and
scan mode. Injection temperature was held at 270 °C. The measurements
were carried out with the following temperature program: initial temper-
ature 60 °C, 4 min, then 7.5 °C.min™! to 250 °C, 20 min. The chromato-
grams were evaluated with GC Solution v. 1.21 (Shimadzu) software
and mass spectra were compared with the NIST database (2011).

2.6. Steady-state fluorescence anisotropy measurements

For the fluorescence anisotropy measurements, liposomes were
prepared from the isolated lipids. Lipids were dissolved in chloroform
and a thin film was created under a stream of nitrogen on the walls of
a glass tube. Then 50 mM Tris-HCI buffer (pH 6.6) was added and
multilamellar liposomes were formed by vigorous shaking of the tube.
The fluorescent probe 1,6-diphenylhexatriene (DPH, Sigma) in acetone
was added at a final concentration of 1 pM (DPH/lipid molar ratio 1:400)
to the liposomes (volume of the sample was 2.5 ml). The sample was
then incubated in the dark at 37 °C for 30 min. The fluorescence
anisotropy measurements were taken in a quartz cuvette with a
Fluoromax-3 spectrofluorometer (Jobin Yvon Horiba) equipped with
DataMax software and a polarization accessory. The excitation and emis-
sion wavelengths were 360 nm and 450 nm, respectively. The intrinsic
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fluorescence intensity of unlabeled membranes did not exceed 2% of the
experimental values. The steady-state fluorescence anisotropy is defined
as the difference between intensities of vertically and horizontally
polarized emissions divided by total fluorescence intensity by the
equation rss = (Iyy = Ivu)/(kvv + 2lyn), where Iy and Iyy are the fluores-
cence intensities measured in a vertical and horizontal direction to the
excitation light beam [18].

2.7. Liposome preparation and liposome leakage assay

Dioleylphosphatidylglycerol (DOPG), dioleoylphos-
phatidylethanolamine (DOPE) and dioleoylphosphatidic acid
(DOPA) were purchased from Avanti Polar Lipids. Liposomes for
the carboxyfluorescein leakage assay were prepared by mixing the
appropriate amount of lipids (0.5 mg/ml) in chloroform/methanol
2:1 (v/v). The solvent was subsequently evaporated in vacuo to
form a thin film on the walls of a glass tube. The hydration procedure
in a buffer containing 50 mM 5(6)-carboxyfluorescein (CF), 5 mM
HEPES, pH 7.4 was comprised of an incubation time of 90 min at 38 °C,
interrupted by thorough vortex shaking to form multilamellar vesicles.
Large unilamellar vesicles (LUVs) were prepared by repeated extrusion
of the multilamellar vesicles through 100-nm polycarbonate filters
(Avestin) using a Mini-Extruder apparatus (Avanti Polar Lipids). Vesicles
were separated from the nonencapsulated dye by gel filtration on
Sephadex G-50 using 100 mM Nacl, 0.5 mM Na,EDTA and 5 mM
HEPES, pH 7.4 as elution buffer. Fractions with the highest content
of entrapped dye were put together and diluted in the same buffer to
give a final phospholipid concentration of 10 uM (according to the
assessed content of inorganic phosphate).

The leakage of vesicles was measured as the increase in the CF fluores-
cence intensity released into the milieu after the addition of surfactin to a
final concentration of 50 UM (stock solution — 500 pM surfactin dissolved
in 10 mM NaOH). The maximum release of CF fluorescence (Fp,ax) was
reached after disrupting the liposomes with 0.02% Triton X-100. Fluores-
cence intensity was monitored over time (excitation at 480 nm, emission
at 515 nm) at 25 °C using a FluoroMax-3 (Jobin Yvon Horiba) spectroflu-
orometer. The following equation was used to calculate the percentage of
CF leakage: %CF leakage = [(F - Fo)/(Fmax — Fo)] x 100, where F is the
actual fluorescence intensity and Fy is the fluorescence intensity before
the addition of the permeabilizing agent. Representative results from
three individual experiments are shown.

2.8. Statistics

Student's t test was used to assess the differences between two
mean values of doubling time, PL and FA levels and the half-time of
liposome lysis. P values of < 0.05 were considered significant.

3. Results
3.1. Growth of B. subtilis in the presence of surfactin

First of all, we aimed at finding a surfactin concentration that would be
high enough to induce a response in the bacterial cells (measured as a
change in growth rate), but still would not be lethal to B. subtilis. From
the serial dilutions of surfactin (Fig. 1) we chose two surfactin concentra-
tions - 350 and 650 pg/ml (designated here as SF350 and SF650, respec-
tively). B. subtilis was then grown in nutrient medium under optimal
conditions (control) and in the presence of the two different surfactin
concentrations tested (Fig. 2). Under control conditions, the doubling
time of the culture was T = 51 4 4 min. When exposed to surfactin,
both the cultures stopped growing for a concentration-dependent time
period taking 40 min (SF350) and 180 min (SF650), respectively.
After this lag period, the cells treated with 350 pg/ml of surfactin restored
their growth with a shorter doubling time T = 46 + 5 min (P<0.05) and
the cells treated with 650 pg/ml with T = 111 £ 12 min (P < 0.0001).
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Fig. 1. Effect of surfactin on B. subtilis growth. B. subtilis (initial inoculum 107 cells) was
grown on agar plates supplemented with surfactin at the concentrations indicated on
the x axis. After overnight cultivation (14 h), the cell biomass was quantified as the
optical density of the suspension washed from the plates (see part 2.1). The values are
normalized to the control without surfactin.

All three cultures entered the stationary phase of growth after six gener-
ations. Thus, the presence of surfactin induced concentration-dependent
alteration in the growth characteristics of the B. subtilis culture - the oc-
currence of a growth lag and a prolonged doubling time, both of which in-
dicated a need to adapt to the presence of the antimicrobial agent.

3.2. Phospholipid composition of surfactin-treated cells

The polar heads of membrane phospholipids (PLs) are in the first
line of surfactin’s interaction with the membrane and can profoundly
modulate surfactin penetration inside and subsequent disintegration
of the cell. In order to determine whether the cells exposed to sublethal
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Fig. 2. Growth of B. subtilis in the presence of surfactin. Mid-log phase B. subtilis cells
(initial inoculum 107 cells) were inoculated on agar plates containing surfactin at the
concentrations indicated. The doubling time of the control cells was 51 min, surfactin-
treated cells halted their growth in a concentration-dependent manner and then
restored their growth with a doubling time of 46 and 110 min for 350 and 650 pg/ml of
surfactin, respectively.
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surfactin concentrations change their polar head group composition,
we carried out a comparative analysis of the control cells and the cells
exposed to the two different surfactin concentrations. The lipids were
isolated from cell biomass during the exponential phase of growth
(OD ~ 0.5), i.e. after 3 generations of cells growing in the presence of
surfactin.

TLC analysis revealed that the presence of surfactin in the growth
medium induced substantial changes in the proportion of phospholipid
classes in the membrane (Fig. 3). The adaptation response differed for
the two surfactin concentrations used; however, in the membrane of
cells treated with either surfactin concentration we observed a decrease
in the content of the major lipid component of the membrane
phosphatidylglycerol (PG). Under the concentration of SF350, its
content dropped from 44 % to 19 % (P < 0.001) and under a surfactin
concentration of SF650 to 31 % (P < 0.01). The proportion of the
second-most abundant phospholipid of the B. subtilis membrane,
phosphatidylethanolamine (PE), did not change in response to SF350;
however, it increased from 24 % to 40 % (P < 0.01) in the membranes of
B. subtilis cells exposed to SF650, and thus it became the predominant
lipid component of the membrane. The most striking feature of the cells
treated with SF350 was the reduced level of PG accompanied with a sub-
stantial increase in the content of the common precursor of phospholipid
synthesis - phosphatidic acid (PA). Its content dramatically rose from the
trace levels observed in control cells up to 23 % (P< 0.0005). The fall in the
proportion of PG was quantitatively replaced with a slightly higher
cardiolipin (CL) content and increased level of PA.

3.3. Fatty acid profiles of B. subtilis cells treated with surfactin

Not only the polar heads of membrane PLs, but also their fatty acids
(FAs) influence the extent of membrane permeabilization induced by
surfactin. The length of the FA chains influences surfactin penetration
into the membrane and, together with the FA branching pattern, has a
strong impact on the fluidity of the membrane (which is also affected
by surfactin). Therefore we tested how the presence of surfactin modi-
fied the FA composition of the B. subtilis membrane.

In contrast to the polar head groups of membrane PLs, using GC/MS
almost no changes in the fatty acid composition were found in B. subtilis
cells exposed to SF650 (Fig. 4). The typical high content (87 % in control
cells) of branched-chain FAs did not change (83 %), nor did the propor-
tion of the iso- and anteiso- branching pattern. On the other hand
SF350 caused a substantial decrease in the content of branched-chain
FAs to 68 % (P < 0.05), together with an increase in straight-chain
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Fig. 3. Phospholipid composition of B. subtilis exposed to surfactin PS - phosphatidylserine,
PG - phosphatidylglycerol, PE - phosphatidylethanolamine, CL - cardiolipin, PA -
phosphatidic acid. Values represent means =+ standard errors (n = 3).
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Fig. 4. Effect of surfactin on fatty acid composition of B. subtilis membrane. The proportions
of the complete fatty acid profile are shown in (A) and the main structural types of fatty
acids in (B). Values represent means =+ standard errors of the means from three
determinations. i- and a- stand for the respective branching pattern for iso- and anteiso-
branched fatty acids, respectively.

FAs from 13 to 32 % (P < 0.04, dominated by the increase in 16:0 and
18:0 FAs). Thus similarly to the polar head group’s profiles, we can con-
clude that the lower surfactin concentration has a stronger impact on
the lipid composition of the membrane.

3.4. Fluidity of membrane lipids after surfactin challenge

As the straight-chain FAs have higher melting temperatures (Ty,)
than the branched-chain ones, they increase the microviscosity of the
membrane. Therefore, we aimed to determine how the shifts in lipid
composition changed the respective fluidity of membrane lipids isolated
from B. subtilis exposed to surfactin in the growth medium. We hypothe-
sized that PL modifications can counteract the fluidizing effect of surfactin
in the membrane. Therefore, we isolated membrane lipids from SF350,
SF650 and control B. subtilis cells and measured their membrane
fluidity using steady-state fluorescence anisotropy (rss) of the probe
1,6-diphenyl-1,3,5-hexatriene (DPH), which incorporates into the acyl
chain region of the membrane, and the results are shown in Fig. 5.

Anisotropy measurements of the membrane samples at 30 °C, i.e. at
a temperature equal to the cultivation temperature produced almost
the same rg values for the control lipid membranes and the ones
which were isolated from cells exposed to SF650. Even at lower and
higher measurement temperatures, the qualitative differences were
negligible between these two types of lipid membranes, which is
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Fig. 5. Changes in DPH fluorescence anisotropy in membrane lipids. Membrane lipids were
isolated from B. subtilis grown under control conditions or in the presence of 350 and
650 pg/ml of surfactin, respectively. Isolated lipids were used to form liposomes, labeled
with DPH and the steady-state fluorescence anisotropy (rss) of DPH was measured
along the temperature range indicated on the x axis. Error bars are shown when bigger
than the symbols.

consistent with the absence of adaptive alterations in FA composition
after SF650 challenge. In contrast, the rs DPH values observed for lipid
membranes derived from cells treated with SF350 were substantially
higher than those for control membranes throughout the whole mea-
surement temperature range. The surfactin-adapted lipid membranes
derived from SF350 cells reached the same rs value observed at 30°C
for control membranes at 38°C, indicating a substantially decreased
fluidity of the membrane interior.

3.5. Surfactin-induced permeabilization of vesicles resembling lipid
composition of surfactin-adapted cells

Lipid analysis revealed that the polar head group composition of
membrane phospholipids changed markedly in response to surfactin
challenge. Importantly, under both of the tested surfactin concentra-
tions, PG was not the predominant lipid membrane component as it
was for the control cells, but the proportion of the two major membrane
components PG and PE was almost equal. In addition, the level of PA
increased substantially in the presence of SF350. Therefore, we next
wanted to prove if these alterations in phospholipid composition can
bring about an increased resistance of the bilayer towards surfactin-
induced permeabilization. We prepared carboxyfluorescein (CF)-loaded
liposomes composed of lipids resembling the membrane composition of
B. subtilis control and surfactin-adapted cells (Fig. 3) and measured the
release of CF from liposomes after the addition of surfactin. We used a
lipid mixture with a 2:1 molar ratio of DOPG/DOPE to simulate the control
cells and 1:1:1 DOPG/DOPE/DOPA and 1:1 DOPG/DOPE to simulate cells
adapted to SF350 and SF650, respectively.

As documented in Fig. 6, decreasing the DOPG/DOPE ratio from the
2:1 observed in control cells to the 1:1 found in cells grown in the pres-
ence of SF650 prolonged the half-time of liposome lysis (i.e. the time
needed to achieve a 50% increase in CF fluorescence intensity relatively
to the maximum lysis induced by 0.02% Triton-X100) from 9.9 +
0.6 min to 19.6 4 0.2 min (P < 0.001). The inclusion of DOPA in the
liposomes forming a lipid mixture of DOPG/DOPE/DOPA 1:1:1,
representing the membrane of cells cultivated in the presence of
SF350, extended the half-time of lysis to 27.2 4+ 0.5 min (P < 0.001).
These results indicate that the membranes consisting of equal propor-
tions of PG/PE or PG/PE/PA resist surfactin-induced leakage better
than those, where PG is the major lipid component.
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Fig. 6. Time course of surfactin-induced carboxyfluorescein release from liposomes. The
lipid composition of the entire liposomes mimics the membrane phospholipid profile of
control cells (PG/PE 2:1) and surfactin-adapted cells (PG/PE/PA 1:1:1 for SF350 and PG/PE
1:1 for SF650). Phospholipid concentration in the liposome suspension was 10 pM.
Surfactin was added at the time point O s to a final concentration of 50 uM. Representative
results from three independent liposome preparations are shown.

4. Discussion

Target site modification is thought to be one of the feasible resis-
tance mechanisms against membrane-penetrating antimicrobials. In
this study we aimed to determine whether B. subtilis alters its mem-
brane lipid composition in response to surfactin exposure. Surfactin
exerts its antimicrobial effect by interacting with membrane lipids,
leading to a loss of membrane barrier properties up to complete disinte-
gration of the bilayer. Thus the target site modification realized by alter-
ations in the proportion of membrane lipids might bring about hindered
surfactin-membrane interaction, resulting in reduced leakage or possi-
ble death of the cell. Surfactin inherently acts highly cooperatively on
the membrane; therefore also small changes in the concentration of
surfactin in the membrane may affect its activity to a great extent. As
B. subtilis 168 bears a point mutation in the gene essential to surfactin
synthesis and thus does not produce surfactin, it provides a valuable
model for studying surfactin-induced membrane adaptation when
surfactin is added to the growth medium.

Surfactin-producing strains of B. subtilis are naturally exposed to
surfactin in the stationary phase of growth, i.e. the growth phase
when surfactin is synthesized. Nevertheless, we subjected exponentially
growing B. subtilis to surfactin in order to work with a homogeneous
and well defined culture of cells in good physiological condition and to
yield a sufficient amount of cell biomass for membrane analysis. Accord-
ing to the in vitro data [19], the surfactin-to-lipid ratio in the membrane
is the measure of the degree of membrane injury, so we first had to
determine the optimal ratio of surfactin concentration interacting with a
defined number of cells, i.e. we had to assess the number of surfactin
molecules interacting with the number of phospholipid molecules in
the cell membrane. On the basis of serial dilutions of surfactin against
serial dilutions of B. subtilis cells, we selected two sublethal surfactin
concentrations - 350 and 650 pg/ml, each concentration lies within a con-
centration range causing the stimulation (SF350) or inhibition (SF650) of
B. subtilis biomass growth (Fig. 1). Under these conditions, B. subtilis
physiology is substantially affected, as the culture halted its growth for a
concentration-dependent time period (Fig. 2), indicating an urgent need
to adapt and to possibly start to express a resistance mechanism. This
mechanism must be quite effective if we consider that the minimum
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bactericidal concentration (MBC) described for example for Proteus
vulgaris is 20 pg/ml [20] or 125 pg/ml for Listeria monocytogenes is
[21]. Under our experimental conditions the MBC for B. subtilis 168
was 1100 pg/ml (Fig. 1).

Both surfactin concentrations caused a growth delay. The SF650
concentration caused a cessation of growth for 3 hours and prolonged
the doubling time of the renewed growth more than twice that of the
control cells. Interestingly, with SF350, after the recovery from the
growth arrest that lasted 40 min, the culture grew with a 10% higher
growth rate than the control cells. The occurrence of a growth lag in
the exponentially growing culture after exposure to surfactin signifies
that the culture had to cope with the harmful effect of surfactin. With
SF350 it adapted so well that the growth rate after the growth restora-
tion was even higher than before. There could be various reasons for this
slight but reproducible growth acceleration. Surfactin as a surface active
compound has a strong ability to lower the surface tension of water [22]
and thus can increase the solubility and availability of nutrients.
Surfactin has also been described to be a signaling molecule which
triggers extracellular matrix [23] and cannibalistic toxin [24] production
in B. subtilis. Both these activities provide an advantage to the cells in the
form of the protection or the release of nutrients from the killed siblings.
We can hypothesize that a similar situation might also occur in our
experiment. We observed a similar stimulatory phenomenon in a
surfactin-producing culture of B. subtilis ATCC 21332 during surfactin
production, when it grew faster and to higher cell biomass densities
than the mutant strain which did not produce surfactin [12].

Under all conditions, cells need to maintain a native lipid membrane
composition that ensures the essential low permeability to ions needed
for the functional organization of the cell. As surfactin interacts with
membrane phospholipids which can also modulate the degree of
surfactin action on the membrane [11], we assumed that surfactin
may induce changes in the proportion of membrane phospholipids.
Such a target site modification involving mutations in the biosynthesis
of phospholipids responsible for maintaining membrane fluidity,
phospholipid content, and bilayer asymmetry was described for a
daptomycin-resistant phenotype in B. subtilis [25] and S. aureus [26].

Two distinct features in the phospholipid composition were
observed. The common characteristic of these changes was the
drop in the PG/PE ratio in the membrane from PG/PE 1.8 to 0.9 and
to 0.8 for SF350 and SF650, respectively. Apart from this, in the
cells treated with SF350 the proportion of PA considerably rose to
23 %, which may signify a block in phospholipid biosynthesis as the
precursor of PL synthesis accumulated and the proportions of no
other membrane phospholipid increased. Even though PA is not an
abundant lipid component of any organism, we propose that the
accumulation of PA as well as decreasing the PG/PE ratio is intentional.
PA and PE share a similar small head group size, cone shape structure
and H-bonding capabilities and facilitate membrane association and
the insertion of membrane proteins such as KcsA, hence increasing
channel stability [27]. Both these PLs have higher melting temperatures
than PG, thus decreasing the fluidity of the membrane, which may
counteract the fluidizing effect induced by surfactin [28]. The cone
shape of their molecules, introducing a negative curvature to the mem-
brane, may also balance the surfactin-induced positive curvature stress
[29], as was shown for PE stabilizing phosphatidylcholine liposomes
against the action of surfactin [9]. Last but not least, the anionic charac-
ter of PA molecule (-1.3 at pH 7) may cause the electrostatic repulsion of
surfactin from the surface of the membrane and thus prevent the pri-
mary surfactin-membrane interaction. The electrostatic mechanism is
also employed in the ineffectiveness of daptomycin-Ca?* complex in
Gram-negative pathogens, which contain low proportions of negatively
charged phospholipids [30]. The accumulation of PA is also associated
with vancomycin resistance in E. coli [31]. We consider the high content
of PA, which is of central importance to bacterial physiology [32], to be the
energetically cheapest way of repulsing surfactin from the membrane
surface. PA is a precursor of lipid synthesis and thus is freely available in

the growing cell with a rapid phospholipid turnover. A high PA content
(35.6 %) was also observed in the membrane of B. subtilis ATCC 21332
during surfactin production. This content was slightly but significantly
higher than in the surfactin non-producing mutant strain [12].

The stabilizing effect of the observed changes in the proportion
of membrane phospholipids was confirmed by surfactin-induced CF leak-
age from liposomes resembling the lipid composition of the surfactin-
adapted and control cells. Surfactin induced liposome lysis with two to
three times longer half-times in bilayers resembling the composition of
cells adapted to SF650 and SF350, respectively, in comparison to control
membranes. This difference in susceptibility to surfactin action on the
lipid bilayer may possibly explain the different growth rates observed
for the two surfactin-treated cultures in the way that the cells adapted
properly to the lower surfactin (SF350) concentration and thus grew
faster.

The FA composition also changed greatly in response to surfactin
exposure at a concentration of 350 pg/ml. The typical high content of
branched-chain FAs decreased and the proportion of straight-chain
FAs more than doubled. These FAs have higher melting points and
thus decrease the fluidity of the membrane core. Measurement of the
steady-state fluorescence anisotropy of DPH confirmed that in the
surfactin-adapted membrane the high-melting FAs hinder the free rota-
tion of the DPH probe, indicating a lowered fluidity (expressed as higher
I'ss DPH values) of the membrane of B. subtilis cells exposed to SF350.
These adaptive changes might reflect and counteract the disorder and
increased membrane fluidity, which might be regarded as the primary
direct effect of surfactin on the cytoplasmic membrane [9,28]. In contrast,
almost no changes in FA composition were found in the B. subtilis cells
exposed to SF650. The typical high content of branched-chain FAs did
not change, nor did the proportion of the iso- and anteiso- branching
pattern. The absence of adaptive changes correlates with the unchanged
values of s DPH in isolated lipids over the whole range of measurement
temperatures.

We suggest that the surfactin non-producing strain B. subtilis 168 in
the exponential phase of growth and the wild-type surfactin producer
B. subtilis ATCC 21332 in the stationary phase of growth (when surfactin
is synthesized) employ different strategies to cope with the antimicro-
bial stress both at the level of polar heads and fatty acids of membrane
phospholipids. However, these strategies have something in common.
The surfactin producer B. subtilis ATCC 21332 accumulates cardiolipin
in the presence of surfactin [ 12]. This anionic phospholipid might confer
areduced fluidity and might shield the membrane against surfactin’s ac-
tion. Similarly, in B. subtilis 168 treated with surfactin at a concentration
of 350 pg/ml, the content of PA increased substantially. This negatively
charged PL may also serve to lower the fluidity of the membrane and
cause a repulsive effect between the membrane surface and the negative-
ly charged surfactin, making the membrane less prone to surfactin-
induced lysis, which we confirmed with the liposome leakage assay. At
the level of membrane FAs, both SF650 cells and the surfactin producer
B. subtilis ATCC 21332 during surfactin production did not change their
FA composition in response to the presence of surfactin.

In conclusion, the analysis of membrane lipids showed that B. subtilis
168 employs two different strategies to cope with this antimicrobial
stress. These strategies differ, SF650 inducing a weaker adaptive
response than SF350 at the level of membrane lipid composition.
SF350 induces a response both at the level of the polar heads and the
fatty acids of membrane phospholipids. The PG/PE ratio decreases and
the level of PA rises in the membrane, which can be understood as a
cheap but effective tool which costs no energy because merely the
intermediate of PL synthesis is accumulated. However, PA might
increase the overall net negative surface charge of the membrane and,
together with PE decreases the fluidity of the membrane, both of
which can counteract the harmful effect of surfactin on the membrane
by electrostatic repulsion and combatting the fluidizing effect of
surfactin, respectively. Their cone shape could compensate for the
positive curvature stress induced by the already inserted surfactin
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as well. Also, the FAs of membrane phospholipids participate in the lower
membrane fluidity, as documented by the increase in non-branched
FAs and confirmed by DPH fluorescence anisotropy measurements.
In contrast, under the concentration of SF650, the only response ob-
served at the level of lipid composition was the decrease in PG/PE
ratio to almost the same value as with SF350. Nevertheless, CF leak-
age from liposomes resembling the assessed PL composition clearly
shows that a decrease in PG/PE ratio is capable of reducing the pro-
pensity for surfactin-induced liposome leakage. The presence of PA
stabilizes the membrane against surfactin action even further. In light of
these observations, we suggest that target site modification at the level
of membrane lipid composition might only be sufficient within a certain
range of surfactin concentrations. Above this threshold, the physiological
capacity of the cells might be exhausted or the cells might have to employ
other tools to combat the antibiotic stress, qualitative changes in mem-
brane proteins might be hypothesized.
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Lipophosphonoxins (LPPOs) are small modular synthetic antibacterial compounds that target the
cytoplasmic membrane. First-generation LPPOs (LPPO I) exhibit an antimicrobial activity against
Gram-positive bacteria; however they do not exhibit any activity against Gram-negatives. Second-
generation LPPOs (LPPO Il) also exhibit broadened activity against Gram-negatives. We investigated
the reasons behind this different susceptibility of bacteria to the two generations of LPPOs using
model membranes and the living model bacteria Bacillus subtilis and Escherichia coli. We show

that both generations of LPPOs form oligomeric conductive pores and permeabilize the bacterial
membrane of sensitive cells. LPPO activity is not affected by the value of the target membrane
potential, and thus they are also active against persister cells. The insensitivity of Gram-negative
bacteria to LPPO I is probably caused by the barrier function of the outer membrane with LPS.

LPPO I is almost incapable of overcoming the outer membrane in living cells, and the presence of
LPS in liposomes substantially reduces their activity. Further, the antimicrobial activity of LPPO is
also influenced by the phospholipid composition of the target membrane. A higher proportion of
phospholipids with neutral charge such as phosphatidylethanolamine or phosphatidylcholine reduces
the LPPO permeabilizing potential.

The accelerating occurrence of bacterial resistance to current antibiotics poses a constant threat, because it is
widely associated with the failure of antibiotic treatment. It was reported that in the USA alone, over 2 million
illnesses per year are caused by multi-drug-resistant bacteria and associated annual costs for treating such infec-
tions range from $20-$35 billion'. This situation has prompted the search for new antimicrobial agents. In this
respect, an enormous amount of effort has been focused on antimicrobial peptides (AMPs) and lipopeptides. On
the one hand, AMPs offer a number of advantages such as broad-spectrum antimicrobial activities and diverse
modes of action such as rapid disruption of microbial cell membranes and thus a lower risk of the development
of resistance. On the other hand, the usage of AMPs is often limited to topical applications because of systemic
toxicities, low solubility, low in vivo stability, limited tissue biodistribution, and high cost for large-scale manufac-
turing. Out of more than 3000 AMPs that have been discovered, there are several AMPs with antibacterial activity
(e.g. Gramicidin, daptomycin, colistin, vancomycin, oritavancin, dalvabacin, telavancin, bacitracin, polymyxin B,
teicoplanin, streptogramin, and tyrothricin) that have been approved by the US Food and Drug Administration®*.
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Figure 1. Selected examples of first- (DR-5026) and second-generation (DR-6180) LPPOs used in this study.

The discovery that the pharmacophore of AMPs is smaller than anticipated and knowledge of the structural
features of active AMPs led to the development of small-molecular analogues of AMPs, synthetic antimicrobial
peptidomimetics (SAPs), i.e. synthetic mimics of AMPs. AMPs typically adopt several structural features such
as facially amphiphilic topology with hydrophilic and hydrophobic side chains segregating to opposing regions,
which is essential for interaction, insertion into membrane and subsequent membrane disruption®. Another
feature common to all AMPs is their positive charge that provides an electrostatic interaction with the negatively
charged membrane surface®. It is generally believed that their physicochemical properties rather than primary
amino acid sequence are responsible for the antimicrobial activity of AMPs.

SAPs seem to be promising because of their relative simplicity and thus easy and cost-effective production.
Further, chemical synthesis also offers the use of nonproteinaceous building blocks and the possibility of obtain-
ing SAPs in large amounts with improved properties with respect to their antimicrobial potency, selectivity,
stability and biodistribution. However, the challenge of their design is to ensure selectivity while maintaining
activity against bacterial pathogens. Whether the target site of an AMP (or SAP) is the cytoplasmic membrane
or it has some other intracellular targets, AMP has to interact with the cell surface and reach or at least overcome
the membrane. The amphipathic nature of AMPs ensures the primary interaction®. Positively charged hydrophilic
moiety of an AMP is electrostatically attracted to the negatively charged bacterial surface components such
as lipopolysaccharides (LPS), teichoic and teichouronic acids (in Gram-negative and Gram-positive bacteria,
respectively) or negatively charged phospholipid headgroups. This interaction occurs less favorably in eukaryotic
cells as they contain neutral lipids in the outer leaflet of their plasma membrane. The hydrophobic moiety of an
AMP facilitates the interaction with the hydrophobic milieu of the membrane and inserts to it. On the other hand,
increased hydrophobicity results in the loss of selectivity’. Thus, the general strategy is to properly balance the
nature and number of appropriate cationic groups, charge distribution, hydrophobicity, and amphipathicity® as
these characteristics determine activity in bacteria as well as selectivity’. The relative influence with which each
of these parameters contribute to the potency and selectivity differs among different scaffolds.

The search for new antimicrobial compounds needs more studies of AMPs or SAPs which are active against
Gram-negative pathogens (e.g. Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumoniae) that
cause serious infections. Gram-negative bacteria are generally less susceptible towards antimicrobial agents
because of their outer membrane, which itself acts as a permeability barrier. The presence of LPS represents
a barrier to most hydrophobic as well as large hydrophilic molecules. LPS creates two potential barriers—the
hydrophilic one provided by the densely packed oligosaccharide core'’, and the other hydrophobic one provided
by the hydrocarbon chain region of the lipid A'!. Thus, overcoming the LPS barrier is challenging. A consider-
able amount of research has been done on polymyxin B derivatives in order to overcome the limitations of its
use and enhance efficacy. Some derivatives (such as polymyxin B nonapeptide) might also serve to facilitate
passage of other agents across the outer membrane of Gram-negative bacteria'>!®. Polymyxin structure (cyclic
heptapeptide core linked to a linear tripeptide with an N-terminal fatty acyl moiety) and the knowledge that the
lipid chain is responsible for its activity* has inspired research on N-lipidated peptide dimers, which are also
effective antibacterial agents against Gram-negative pathogens'®, or lipidation of AMPs in general'®.

Recently, we reported'”""? the synthesis of novel compounds termed lipophosphonoxins (LPPOs), a type of
modular nonproteinaceous SAPs. LPPOs exhibit significant antibacterial activity against a wide range of bacteria,
including multi-resistant strains while they do not exert any adverse effect on eukaryotic cells at bactericidal
concentrations. Using living cells we have shown that LPPOs act through the permeabilization of the bacterial
membrane, which finally leads in the loss of its barrier function and cell death. Using planar lipid membranes
we directly proved LPPOs to be pore-forming agents. In the first generation of LPPOs (LPPO 1)!”", the polar
module is represented by a hydrophilic moiety with a small positive charge, the hydrophobic module is a linear
alkyl chain (C14-16), and the auxiliary module is the nucleoside uridine (Fig. 1). LPPO I only possesses activity
against Gram-positive bacteria such as methicillin-resistant Staphylococcus aureus or vancomycin-resistant Ente-
rococccus faecium. In the LPPO II generation'®, we increased the positive charge of the polar module, while hydro-
phobic and auxiliary modules remained unchanged. This structural modification resulted in a broad-spectrum
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MIC (ug/ml)
LPPO Bacillus subtilis Escherichia coli HC;, (ug/ml)
I—DR-5026 3.125 >200 25.0
II—DR-6180 0.390 0.780 20.0*

Table 1. Antimicrobial and hemolytic activity of selected first- and second-generation LPPOs. Antimicrobial
and hemolytic activity are expressed as minimum inhibitory concentration (MIC) and the concentration
causing lysis of 50% of red blood cells (HCs), respectively. *Previously 16 ug/ml', volunteer blood donor
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Figure 2. Concentration dependence of LPPO I and II pore formation. (A-C) LPPO I (DR-5026) single-pore
openings, (D-F) LPPO II (DR-6180) single-pore openings in diphytanoylphosphatidylglycerol membranes,

1 M KCI, 10 mM Tris, pH 7.4, 50 mV. The histograms were created from pore openings using kernel density
estimation (rectangular kernel with 30 pS width). The typical current recordings are shown in Supplementary
Fig. S1.

antimicrobial activity against both Gram-positive and Gram-negative bacteria, including clinically significant
pathogens such as Escherichia coli, Pseudomonas aeruginosa or Salmonella enterica.

In this work, we conducted a study in order to establish the reasons behind the different activity of LPPOs
I and LPPOs II against Gram-positive and Gram-negative bacterial cells and to see why LPPOs II have higher
activity against Gram-positive cells. We selected two candidate compounds from each LPPO generation and
two model bacteria (Table 1)—the Gram-positive bacterium Bacillus subtilis and Gram-negative bacterium
Escherichia coli. We compared LPPO I and II pore-forming activity on model membranes as well as in living
cells, and we show here that both the phospholipid composition and presence of outer membrane affect LPPO
antimicrobial activity.

Results

Pore formation by LPPO s concentration-dependent. Our previous studies on LPPO I and II showed
that the mode of action of both LPPO generations is pore formation'”'®. Currently, we wanted to compare the
pore-forming activity of LPPO I (DR-5026) and IT (DR-6180) with respect to their concentration dependence.
Using conductance measurements on planar lipid membranes composed of diphytanoylphosphatidylglycerol we
show (Fig. 2) that both LPPO I and II form a continuum of different pores—there appeared pores which were
well resolved but there were also ones with high current noise and with fast dynamics (Supplementary Fig. S1,
the raw recorded data are available online—for details see “Methods”). The distribution of LPPO I and II pore
conductances was very broad and ranged from tens of pS up to nS in 1 M KCl. At 5 pg/ml (Fig. 2C,F) the most
frequent pore conductance is ~ 240 and 160 pS for LPPO I and II, respectively; however, pores up to 2 nS were
also seen. It is apparent that LPPO activity is substantially concentration-dependent—with DR-5026, lowering
the concentration from 5 to 2.5 pg/ml (Fig. 2B,C) results in lowering the most frequent pore conductance four-
fold to ~ 60 pS and the disappearance of pores larger than 1000 pS. Further lowering DR-5026 concentration to
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Figure 3. Permeabilization of B. subtilis and E. coli membrane induced by LPPO. Concentration dependence
of LPPO I- (DR-5026) and LPPO II- (DR-6180) induced membrane permeabilization was measured as the
increase in fluorescence intensity of the probe propidium iodide. The black dotted line (“untreated”) shows
the fluorescence of PI in the suspension of cells without LPPO addition. Melittin at a concentration of 10 uM
served as a positive control. Representative kinetics from at least three independent experiments performed
in duplicate are shown. With the exception of B. subtilis exposed to 2.5 ug/ml DR-5026 the kinetics of PI entry
correlated with growth inhibition of the tested bacteria in the presence of LPPOs (Supplementary Fig. S2).

1.25 pug/ml did not change the value of the most frequent pore conductance, but led to a subsequent diminishing
of pores larger than 600pS (Fig. 2A). For DR-6180, the tendencies are even more pronounced—lowering the
concentration from 5 to 2.5 pg/ml resulted in lowering the most frequent conductance state eightfold to ~20
pS (Fig. 2E,F). Using DR-6180 at a concentration of 1.25 pg/ml (Fig. 2D) neither changed the most frequent
conductance state nor the overall character of the histogram. The only exception was the appearance of a minor
peak at ~ 115 pS, which is also visible at 5 ug/ml. The existence of several discrete conductance states in the histo-
gram implies that LPPOs form oligomer channels with various stoichiometries. The constant pore conductance
at lower LPPO concentrations suggests that there may be a smallest conductance state of a defined number of
monomers.

LPPO | induces Pl uptake in B. subtilis but not in E. coli. We measured the concentration depend-
ence of LPPO permeabilizing activity in living B. subtilis and E. coli cells using the membrane-impermeable dye
propidium iodide (PI). PI does neither penetrate the outer nor the inner membrane and only enters the cells after
membrane damage. Upon entry PI binds to nucleic acids which increases its fluorescence. We tested the permea-
bilizing activity of the LPPOs in the concentration range of 2.5-20 pg/ml (Fig. 3). All of the LPPO concentrations
used added to the B. subtilis suspension induced an immediate rise in PI fluorescence, suggesting that the dye
entered the cells after their permeabilization. The observed effect of LPPO did not change much with respect to
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the LPPO concentration used—lowering the concentration from 20 to 2.5 pg/ml only reduced the maximum PI
fluorescence induced by LPPO by 30%. As expected, when using LPPO I against E. coli, we confirmed the data
of the minimum inhibitory concentration, which exhibited inactivity against Gram-negative bacteria (Table 1).
In the experiment with E. coli, we did not observe any rise in fluorescence intensity, even using the highest LPPO
I concentration. At the same time, LPPO II permeabilized the E. coli inner membrane. In contrast to B. subtilis,
the onset of the PI fluorescence intensity increase was delayed, and the overall kinetics were slower. Both of
these effects were concentration-dependent—lowering the LPPO II concentration prolonged the initial delay
and slowed the rise in PI fluorescence intensity. The maximum permeabilizing activity was also affected to a
great extent by concentration. Concentrations of 20 and 10 pg/ml had roughly the same permeabilizing effect;
however, 5 ug/ml resulted in a much more pronounced decrease in the effect.

LPPO lis capable of inducing partial dissipation of membrane potential of E. coli. The potency
of LPPOs to permeabilize the cytoplasmic membrane apparently affects membrane potential. Thus, we further
wanted to know how LPPO I and II differ in their effectivity to disrupt the membrane potential of living B. subti-
lis and E. coli cells. We also wanted to test whether LPPO I DR-5026, even though it is not lethal to the cells of the
Gram-negative bacterium E. coli (according to MICs), is able to at least partially depolarize the membrane. We
used membrane-bound fluorescence probe DiSC;(5), which has a high affinity for hyperpolarized membranes.
After binding to the membrane, its fluorescence is quenched. The addition of a pore-forming substance leads to
depolarization of the membrane, which releases the probe from the membrane and the intensity of fluorescence
rises.

In line with the observed permeabilizing activity that was followed via PI, Fig. 4 shows that at any concen-
tration used, both LPPOs are able to disrupt the membrane potential of B. subtilis. In this bacterium the depo-
larization monitored by DiSC;(5) fluorescence was, similarly to the kinetics of PI entry, again very rapid, as the
maximum fluorescence was reached within 10-20 s. We did not observe any differences between the kinetics
with LPPO I and II, and also almost no concentration dependency with regard to both the time-course and
the maximum of fluorescence intensity. When using LPPO II against E. coli, we observed that the onset of the
DiSC;(5) fluorescence increase appeared after a delay taking several seconds, and the overall rate of depolariza-
tion was much slower than that of B. subtilis. At odds with B. subtilis, where the time required to reach half of the
fluorescence maximum was only on the order of seconds, in E. coli it was more than one minute when using 20
pg/ml LPPO I or LPPO II. LPPO II depolarized the E. coli cytoplasmic membrane in a concentration-dependent
manner—increasing the LPPO II concentration from 2.5 up to 10 pg/ml led to a linear increase in the fluores-
cence intensity maxima. Note that there is no detectable artificial increase of intensity after mixing of LPPO and
DiSC;(5) alone in the buffer (Supplementary Fig. S3). Enhancing the concentration to 20 pug/ml did not result
in doubling the maximum of the 10 ug/ml concentration. Surprisingly, even when we added LPPO I to the E.
coli suspension, we detected a slight increase in DiSC;(5) fluorescence which was concentration-dependent.
Interestingly, when using the highest 20 pg/ml LPPO I concentration, the fluorescence maximum reached was
comparable with 5 ug/ml of LPPO II. Thus LPPO I was able to partially disrupt the membrane potential of E. coli.
This means that some LPPO I molecules inserted into the cytoplasmic membrane, where they formed small pores
enabling the flux of ions. On the other hand, the concentration was not high enough to form bigger oligomers
that allowed larger molecules such as PI to pass through (Fig. 3).

Membrane potential of the target cell does not affect the permeabilizing activity of LPPO I nor
LPPO Il. We next decided to test whether the permeabilizing activity of LPPO I and II is influenced by the
value of membrane potential in living B. subtilis cells with adjusted membrane potential. We prepared three sus-
pensions of B. subtilis cells in buffers differing in their KCI (K*,,,) concentration. We set the membrane potential
using valinomycin (for details see “Materials and methods”) to values of — 100, — 50 and 0 mV, and afterwards we
added LPPO. We compared the kinetics of LPPO-induced PI entry into the cells treated with valinomycin with
the intact (valinomycin-untreated) ones which had the physiological value of membrane potential. Figure 5A
shows that the permeabilizing activity of LPPO I (DR-5026) was independent of the value of membrane poten-
tial. When using LPPO II (DR-6180, Fig. 5B) the kinetics of permeabilization of cells with adjusted membrane
potential was clearly slower; however, the intensity reached the same maximum values as in the intact cells.

We further verified the finding that LPPO activity is not affected by the value of membrane potential by assess-
ing the activity of LPPO II against a persister culture of E. coli (Fig. 5C). LPPO II at its MIC eradicated persisters
of E. coli below the limit of detection (10 CFU/ml). At the same time, colistin reduced bacteria persister-enriched
suspension below the detection limit at a concentration 5 x MIC.

LPPO | does not compromise the outer membrane of E. coli. We investigated the reasons why
LPPO I are ineffective against Gram-negative cells of E. coli. We hypothesized that LPPO I are unable to dis-
integrate the outer membrane, which is the first hurdle that must be overcome to reach the target site—the
cytoplasmic membrane. To follow the changes in the integrity of the outer membrane, we used the probe NPN,
the fluorescence of which increases when the outer membrane is compromised. The data in Fig. 6 (and Sup-
plementary Fig. S5) clearly show that LPPO II DR-6180 is capable of compromising the integrity of the outer
membrane. The effect reaches its maximum at a concentration of 5 ug/ml. Using this DR-6180 concentration led
to a level of disintegration of the outer membrane that was 26% of that induced by polymyxin B. Increasing the
concentration up to 10 and 20 ug/ml did not enhance the efficiency of outer membrane permeabilization. In con-
trast, LPPO I DR-5026 was almost incapable of compromising the integrity of the outer membrane—irrespective
of the concentration used, the efficiency of outer membrane permeabilization compared to that of polymyxin B
was at most 4%.
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Figure 4. Dissipation of membrane potential of B. subtilis and E. coli induced by LPPO. Concentration
dependence of LPPO I- (DR-5026) and LPPO II- (DR-6180) induced membrane permeabilization was
measured as the increase in fluorescence intensity of the probe DiSC;(5), which corresponds to the disruption
of physiological membrane potential. The black dotted line (“untreated”) shows fluorescence of DiSC;(5) in the
suspension of cells without LPPO addition. Melittin at a concentration of 10 uM served as a positive control.
Representative kinetics from at least three independent experiments performed in duplicate are shown.

Phospholipid composition of the target membrane affects LPPO activity. We next tested
another hypothesis, that besides the presence of the outer membrane, the phospholipid composition of the tar-
get inner membrane also affects LPPO activity. Whereas in E. coli phosphatidylethanolamine represents the
major phospholipid of the inner membrane®, in case of B. subtilis it is phosphatidylglycerol*!. We prepared
carboxyfluorescein-loaded liposomes composed of phospholipid mixtures in a 2:1 (w/w) ratio which resem-
bled the proportion of the two major phospholipids in the B. subtilis and E. coli cytoplasmic membrane. The
mixtures contained phosphatidylglycerol/phosphatidylethanolamine (PG/PE) or phosphatidylethanolamine/
phosphatidylglycerol (PE/PG) in order to represent B. subtilis and E. coli phospholipid composition of the inner
membrane, respectively. The third membrane system was composed of neutral phosphatidylcholine/phosphati-
dylethanolamine (PC/PE) and represented characteristic phospholipids from the outer leaflet of the eukaryotic
plasma membrane.

The data in Fig. 7A-C show that LPPO I DR-5026 disrupted the PE/PG liposomes more slowly than the
PG/PE ones. The leakage half-time (the time required after the addition of LPPO necessary to reach 50% of the
maximum) was three times as long when using 20 pg/ml in PE/PG liposomes than in PG/PE ones. The DR-
5026-induced lysis exhibited a dose-dependent behavior for all the phospholipid compositions tested. Of note,
the kinetics up to 5 pg/ml were hyperbolic-like, and at a concentration of 10 and 20 pg/ml the curves exhibit
a sigmoidal character. From Fig. 8A, which plots the concentration dependence of maximum LPPO-induced
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Figure 5. Effect of membrane potential of target cells on LPPO-induced permeabilization. (A,B) Membrane
permeabilization induced by (A) LPPO I (DR-5026) and (B) LPPO II (DR-6180) at the concentration of 5 pug/
ml was measured in B. subtilis via the entry of propidium iodide. The cells were resuspended in buffers with
different K*,; concentrations (indicated in the graph legend) and the membrane potential was adjusted to
the desired value of AW (in millivolts) by the addition of 4 uM valinomycin (for details, see “Materials and
methods”). Untreated and valinomycin (Val) control kinetics for a buffer with a 7 mM K*_; concentration are
shown. Representative results from three independent experiments performed in duplicate are shown. None
of the values of adjusted membrane potential affected the activity of the positive control of melittin (10 pM).
For clarity, only the kinetics for AY — 100 mV (7 mM K", buffer with 4 uM valinomycin) are presented. (C)
Activity of LPPO II DR-6180 and colistin against CCCP-induced persisters of E. coli. Antimicrobial activity
was evaluated by CFU/ml counting after three hours of incubation of persisters with the tested compound at
concentrations corresponding to MIC (minimal inhibitory concentration), 5x MIC and 10 x MIC. The value of
10> CFU/ml was used as the detection limit.
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Figure 6. Escherichia coli outer membrane permeability induced by LPPO. The integrity of the outer
membrane was assessed by measuring the increase in fluorescence intensity due to NPN uptake by cells with a
compromised outer membrane induced by LPPO. The data represent the percentage of fluorescence intensity
from the entire kinetics plot after reaching the plateau relative to the maximum induced by the addition of 100

uM polymyxin B.
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Figure 7. LPPO-induced leakage of carboxyfluorescein from liposomes. The curves show concentration
dependence of LPPO I- (DR-5026, A-C) and LPPO II- (DR-6180, D-F) induced leakage from liposomes over
time. The liposomes were composed of dioleyl-phospholipids in a 2:1 (w/w) ratio—PG/PE, PE/PG and PC/PE.
The LPPO/phospholipid ratios were as follows: DR-5026—0.18/1, 0.36/1, 0.72/1, 1.43/1 and 2.86/1; DR-6180—
0.14/1, 0.29/1, 0.58/1, 1.15/1 and 2.30/1. 100% leakage was achieved using 0.1% Triton X-100. Representative
kinetics from at least three independent liposome preparations are shown.

lysis as a function of liposome composition shown in Fig. 7, it is apparent that the inflection point corresponds
to an even lower concentration than 10 pg/ml. This indicates the presence of two different modes of membrane
permeabilization at lower and higher LPPO I concentration ranges. The effectivity of membrane permeabiliza-
tion expressed as the initial rate of lysis (% s™', Fig. 8C,D) and the maximum in the plateau is highest in PG/
PE membranes. Leakage from the PE/PG and PC/PE liposomes was substantially slower and reached lower
maximum values.

When using LPPO II DR-6180 (Fig. 7D-F), we observed higher permeabilizing activity in both PG/PE and
PE/PG liposomes compared to DR-5026—the fluorescence intensity rose more steeply, and a concentration of
just 10 pg/ml caused complete lysis. Surprisingly, the concentration of 20 pg/ml had a comparable effect to that
of 5 ug/ml. In contrast to LPPO I DR-5026, the initial rates of lysis were much higher in both PG/PE and PE/
PG liposomes (Fig. 8D) and the dose-response curves in Fig. 8B exhibited hyperbolic-like behavior. The overall
extent of liposome lysis was the same for both bacteria-like liposomes; however, the DR-6180 activity changed
substantially in the completely neutral membrane of PC/PE liposomes. Almost irrespective of the concentration
used (Figs. 7F, 8B), the LPPO II-induced lysis was at most 20%.

The presence of lipopolysaccharide decreases the effectiveness of LPPO-induced permeabi-
lization. Finally, we investigated whether the presence of lipopolysaccharide (LPS) could influence LPPO
permeabilizing activity in the membrane. We used the same PG/PE and PE/PG liposomes as in the previous
experiment (Fig. 7) and incubated those with LPS prior to LPPO addition. In Fig. 9 we can see that LPS appar-
ently hinders LPPO action. With LPPO II (Fig. 9C,D) at a concentration of 5 ug/ml, the degree of liposome
leakage was markedly reduced—the effect was even more pronounced in the PG/PE (Fig. 9C) membrane than
in PE/PG one (Fig. 9D). The presence of LPS decreased the maximum degree of PG/PE liposome lysis 2.5-fold.
This effect however disappeared when the LPPO II concentration was increased to 10 ug/ml. In contrast, with
LPPO (Fig. 9A,B), we observed a decreased permeabilization efficiency of liposome suspension containing LPS
using both concentrations of LPPO. In PG/PE liposomes (Fig. 9A) this effect exhibited a greater concentration
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Figure 8. Concentration dependence of maximum LPPO-induced lysis and initial rate of lysis as a function
of liposome membrane composition. (A,B) The data were taken from Fig. 7 and are plotted as the maximum
reached in the plateau after exposure to a given LPPO concentration. (C,D) Dependence of the initial rate of
lysis on LPPO concentration in liposomes differing in their lipid compositions. Average values from at least
three liposome preparations and a standard deviation are shown.

dependency than in PE/PG ones (Fig. 9B). In PG/PE liposomes, the presence of LPS lowered the maximum
degree of lysis (not shown) 12-fold and 2.5-fold when using 5 and 10 pg/ml of LPPO I, respectively. With PE/PG
liposomes, the maximum degree of lysis dropped threefold and fivefold when using 5 and 10 pg/ml of LPPO I,
respectively. The results of these experiments are thus in line with the data obtained using living cells.

Escherichia coli with compromised outer membrane is susceptible to LPPO | action. All the
above experiments showed that the membrane lipid composition, namely the presence of higher proportions of
neutral lipids, and the presence of outer membrane are responsible for the ineffectiveness of LPPO I in E. coli.
Thus we finally decided to employ E. coli imp4213 with a compromised outer membrane to assess its sensitivity
to the action of LPPO. This strain bears an in-frame deletion of the imp gene encoding the essential outer mem-
brane protein LptD, which is involved in LPS assembly®>**. This produces permeability defects of the outer mem-
brane of the mutant E. coli strain. The values of the minimum inhibitory concentration clearly showed (Table 2)
that in contrast to E. coli CCM 3954, which has an intact outer membrane, the strain imp4213 is highly sensitive
to the action of LPPO I DR-5026, as its MIC dropped from >256 to 8 pg/ml when compared with E. coli CCM
3954. With respect to LPPO I activity in the Gram-negative bacterium, this result confirmed the substantial role
of the outer membrane as a physical barrier that complements the effect of LPS.
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Figure 9. Effect of LPS on LPPO-induced leakage from liposomes. Carboxyfluorescein-loaded liposomes
composed of dioleyl-phosphatidylglycerol (solid line) and diolelyl-phosphatidylethanolamine (dashed line) in
ratios of 2:1 and 1:2 (w/w), respectively, which is the same as in Fig. 7A,B,D,E. Liposomes were preincubated
with LPS (for details, see “Materials and methods”) and then exposed to LPPO I DR-5026 (A,B) and LPPO II
DR-6180 (C,D) at the indicated concentrations. The resulting leakage curves (diamonds) are compared with
those using liposomes without LPS treatment. The phospholipid concentration in liposome suspension was 10
uM. Representative kinetics from three independent liposome preparations are shown.

MIC pg/ml

DR-5026 | DR-6180
E. coli CCM3954 | >256 2
E. coli imp4213 8 1

Table 2. Minimum inhibitory concentrations of LPPO I (DR-5026) and II (DR-6180).

Discussion
LPPOs are modular antimicrobials with promising potential for future use as alternatives to current antibiotics.

They kill bacteria by disrupting their cytoplasmic membrane via pore formation'”'8. First-generation LPPOs
were found to be effective against Gram-positive bacteria. However, they do not exhibit any activity against
Gram-negative bacteria. The modification of the imino-sugar module of the LPPO molecule and the increase in
the number of positive charges gave rise to second-generation LPPOs which exhibit activity against both Gram-
positive and Gram-negative bacteria. In this study, we aimed at elucidating the nature of the different effectiveness
of LPPO I and LPPO II against Gram-positive and -negative bacteria. We studied the effect of LPPOs over a wide

Scientific R : . https://doi.org/10.103
clentificReports|  pagaRtCdurtesy of Sprmper RIYHE:

541598-021-89883-0

. ature portfolio
erms of use apply. Rights reserved P



www.nature.com/scientificreports/

concentration range, using both in vitro approaches and in vivo studies with model bacteria. We mostly had to
use LPPO concentrations well above their MICs, because lower concentrations only resulted in a weak effect.
The possible reason for this was that it was necessary to adjust the LPPO concentration to the higher number
of cells in our assays (~ 107 cells/ml compared to MIC—~ 10° cells/ml), resulting in a larger membrane area.

Both generations of LPPOs share the same mode of action—pore formation. The distribution of pore con-
ductances is very broad, ranging from a few pS up to nS in 1 M KCL. In this respect, the pore-forming activity
is comparable to other small pore-forming antimicrobials such as daptomycin, which forms pores in model
membranes (according to recent papers®*%°), or surfactin?. In some pores the unpredictable dynamics may point
to the fact that certain LPPO complexes do not adopt exact pore stoichiometry or it can change rapidly in time.
Possibly membrane phospholipids take part in the pore formation. With our instrumentation we cannot be sure
about the instant conductance of the events with the fast current fluctuations but the average conductance should
be close to the correct value. However, for pores with very short opening dwell time the recorded conductance
might be lower than the real one. Nevertheless, the most frequent pore conductances do not differ much between
the two LPPOs tested. Also, the concentration dependency shows the same pattern for both LPPOs—a twofold
decrease in LPPO concentration leads to a several-fold decrease in the most frequent conductance states and a
disappearance of the large conductance states with a pore conductance of several hundred pS. When we further
lowered the LPPO concentration, the most frequent pore conductance states did not change. This suggests that
LPPO pores are probably oligomeric with a varying number of monomers depending on LPPO concentration,
and that a minimal conductance unit exists which most likely has a conductance of 20 pS.

Based on the known MICs for the model Gram-positive bacterium B. subtilis and the Gram-negative bacte-
rium E. coli (Table 1), we tested the permeabilizing activity in living cells using the dyes PI and DiSC,(5). While
an increase in PI generally signifies inner membrane permeabilization, the rise in DiSC;(5) fluorescence indicates
membrane depolarization, i.e. that the membrane is permeable for small ions such as H*, K* or Na*. The PI assay
showed (Fig. 3) that the permeabilizing activity is concentration-dependent (although very weakly in B. subtilis).
In line with very high MIC values for E. coli, this experiment proved that LPPO I DR-5026 is ineffective against
E. coli cells. Of note, using LPPO II DR-6180, we observed different shapes of the kinetics traces for B. subtilis
and E. coli. While the kinetics of PI entry into B. subtilis were steep and hyperbolic, kinetics with E. coli were
slow and multiphasic, suggesting that several modes of membrane permeabilization occurred. We speculated
that this might be caused by the different phospholipid composition of the cytoplasmic membrane (discussed
further in the text) and different structure of the cell envelope. The presence of the outer membrane represents a
barrier which the LPPO molecules must first overcome to reach their target and thus the permeabilizing process
is delayed. In E. coli it took several minutes to reach the plateau, whereas in B. subtilis it was only several tens
of seconds. We might speculate that at first LPPO II acts on E. coli at lower concentrations, forming smaller
oligomers in the cytoplasmic membrane, and then when the molecules accumulate in the periplasmic space, the
formation of the larger oligomers predominates and thus the rate of permeabilization increases.

The experiment with the probe DiSC;(5) confirmed that both LPPO I and II are capable of depolarizing the
cytoplasmic membrane of the tested bacteria. With regard to LPPO type and model organism, the DiSC;(5)
kinetics (Fig. 4) shared the same difference in their shape and time-course as the PI ones. Surprisingly, we also
observed a slight depolarization of the cytoplasmic membrane of E. coli treated with LPPO I (DR-5026); how-
ever, the maximum effect induced by a concentration of 20 pug/ml was comparable to that of 5 ug/ml of LPPO II
DR-6180. This means that, even in E. coli, some DR-5026 molecules must have entered the cytoplasmic membrane
and formed small pores which allowed the passage of small ions. Nevertheless, these pores were not large enough
to enable the passage of the probe PI, which has a molecular weight of 668 Da. However, such a small depolariza-
tion is not able to induce a sufficient effect on cellular metabolism to be observable as a decrease in MIC value.

Based on the results from PI and DiSC;(5) kinetics, we put forward several plausible reasons for the dif-
ferent susceptibility of B. subtilis and E. coli to LPPO I and II. We hypothesized that it may be caused by (i)
the different structure of their cell envelopes, i.e. the presence of the outer membrane in E. coli, and/or by (ii)
different lipid composition of the target cytoplasmic membrane. Generally, the activity of membrane-active
antimicrobials depends on target membrane characteristics such as membrane lipid composition®** and mem-
brane potential?**. The mode of action of some antimicrobial peptides includes targeting specific lipids®! of the
bacterial inner membrane. Therefore, modified lipid composition or decreased value of membrane potential
may lead to a lowered antibiotic activity?* or even to antimicrobial resistance®. As for the membrane potential,
in our experiments we did not observe any marked impact of the value of the target membrane potential on the
activity of LPPO I or LPPO II (Fig. 5A,B). This is a highly desirable feature of an antimicrobial compound, as it
means that persistent cells, which have a lower membrane potential®, are also susceptible to their antimicrobial
effect, which we confirmed in the experiment shown in Fig. 5C.

To test the hypothesis that LPPO I molecules cannot traverse through the outer membrane, we performed
an NPN assay (Fig. 6), which showed that LPPO I (DR-5026) only negligibly compromises the integrity of the
outer membrane of living E. coli cells across the whole concentration range of 0.625-20 pug/ml. On top of that,
leakage from liposomes with a composition that mimics the inner membrane phospholipid composition of
Gram-positive, Gram-negative bacteria and the plasma membrane of eukaryotic cells showed that a different
phospholipid composition substantially influences the permeabilizing potential of the tested LPPOs (Figs. 7, 8).
The permeabilizing activity of LPPO II (DR-6180) was the same in liposomes with a different PG and PE ratio;
however, it was substantially reduced in “eukaryotic” PC/PE liposomes (Fig. 8B) which is in line with the almost
same MIC for B. subtilis and E. coli and LPPO II's low hemolytic activity'®. When using LPPO I DR-5026, we
observed that the rate of leakage was generally lower than for DR-6180, with the exception of PC/PE liposomes,
where higher DR-5026 concentrations also resulted in a massive leakage. This observation is at odds with the fact
that DR-5026 had no detectable activity on normal primary cell viability and toxicity at the MIC concentrations®.
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We suggest that in living cells other lipids, sterols or non-lipid compounds of membrane may also affect LPPO
activity. We also need to take into account the different LPPO/lipid ratio in cells and liposomes.

Importantly, the overall activity of DR-5026 decreased in liposomes mimicking the Gram-negative bacterial
inner membrane. This suggests that the higher proportion of negatively charged PG in the Gram-positive-like
membrane plays a key role in the interaction and/or pore formation by LPPO. Our results indicate that the
affinity of LPPO II DR-6180 for PG is higher compared to LPPO I DR-5026. This might be due to the coulombic
effect between the positive charges of LPPO and the negative charge of PG. Both DR-5026 and DR-6180 bear
a positive charge (born by the tertiary amine and the nucleobase) which is attracted to the negative charge of
PG. In addition, DR-6180 has two highly positive guanidinium groups which may result in higher electrostatic
interaction between DR-6180 and PG compared to DR-5026. Thus the absence of PG in PC/PE liposomes may
result in inefficacy of LPPO II in these types of bilayers.

LPS, which is part of the outer membrane of Gram-negative bacteria, hinders the activity of antimicrobial
compounds™ by creating a barrier that is relatively impermeable to hydrophobic compounds®. This phenomenon
was also confirmed in our leakage experiment with liposomes pre-incubated with LPS prior to the addition of
LPPO (Fig. 9). The reduced activity was the most pronounced in PE/PG liposomes treated with DR-5026, or in
other words the activity of DR-5026 was hindered the most substantially in these liposomes. We presume that
in these LPS-liposomes two effects are combined—the presence of a lower proportion of negatively charged PG
and the barrier function of LPS. The substantially reduced magnitude of DR-5026-induced leakage in LPS-PE/
PG liposomes corroborated the results of the NPN assay in living E. coli cells, which showed that DR-5026 is
unable to compromise the outer membrane. Finally, the role of the outer membrane in LPPO I ineffectiveness
was further confirmed by the MIC value of DR-5026 against an E. coli imp4213 strain®® with compromised
integrity of the outer membrane (due to a mutation in LPS assembly). Of note, the data showed that this strain
was susceptible to LPPO I (Table 2).

The protective function of LPS is realized both by its hydrophilic densely packed oligosaccharide core with
very low fluidity and by the hydrophobic hydrocarbon chain region®. The negatively charged phosphate groups
on LPS are thought to be responsible for the interaction and binding of cationic AMPs*, which is a prerequisite
for their subsequent insertion into the membrane. A recent study on the small AMP crabrolin showed that an
increase in positive charges parallels an increased binding to LPS*. Hence, we propose that the substantially
higher positive charge of LPPO II leads to a stronger electrostatic interaction with the negatively charged mem-
brane. This interaction increases the probability that the hydrophobic part of LPPO II is anchored to the mem-
brane, which results in higher antimicrobial activity against Gram-negative bacteria. The role of the number of
positive charges on LPS binding and the antibacterial potential has been thoroughly studied using polymyxin
B derivatives. Reduction in the number of positive charges of polymyxin B derivatives NAB7061 or NAB741
results in loss of any antibacterial activity; however, these derivatives potentiates activity of other antibiotics by
reducing their MICs against Gram-negative pathogens'2.

We might also speculate that not only the charge but also the fluidity of the outer membrane affects LPPO
action as the mutant E. coli imp4213 strain which has reduced membrane stiffness®” become susceptible to LPPO
I. In this mutant strain the presence of defective LPS molecules inhibits the insertion of many outer membrane
proteins, which place is substituted with phospholipids. This results in a much higher permeability than the
normal LPS/phospholipid bilayer®. All in all, although LPS is highly negatively charged and considered as the
first target for cationic antimicrobial peptides, it can also serve as a barrier to prevent the insertion of AMPs into
the inner phospholipid membrane due to its tight packing which hinders AMPs to traverse into the cytoplasmic
membrane®*>*. In conclusion, the inability of first-generation LPPO to exhibit antimicrobial activity against
Gram-negative bacteria is due to several factors. We propose that the inability to overcome the outer membrane
of Gram-negative bacteria might be the first factor explaining the inefficiency of LPPO I against Gram-negatives.
LPPO I molecules probably interact with LPS and are incapable of disrupting the outer membrane, which in
turn reduces their permeabilizing effect in the cytoplasmic membrane. After all, some of the LPPO I molecules
finally reach their target, where they form pores through which small ions are able to pass, and the membrane
is partially depolarized. However, the formation of larger pores that would lead to complete depolarization and
cell death is probably limited by the absence of enough monomers. Moreover, the phospholipid composition of
the target cytoplasmic membrane also reduces the efficiency of pore formation—the higher proportion of neutral
lipids in E. coli leads to reduced membrane permeabilization. These effects add up, and might be the basis for
LPPO I ineffectiveness in Gram-negative bacteria. The findings should be taken into account when designing
new antimicrobial compounds.

Methods

Planar lipid bilayer experiments. A Teflon chamber was divided into two compartments connected by
a circular aperture of approx. 0.5 mm in diameter. Planar lipid bilayers (black lipid membranes) were formed by
painting a solution of 3% (w/v) 1,2-diphytanoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (Avanti Polar Lipids)
in n-decane-butanol (9:1, v/v) across the hole. Both compartments contained 1 ml of 1 M KCI, 10 mM Tris, pH
7.4. The temperature was kept at 25 °C. LPPO was added to the cis side of the membrane at a concentration of 5,
2.5 or 1.25 ug/ml, respectively. The membrane current was measured with Ag/AgCl electrodes with a constant
applied voltage of 50 mV. The current signal was amplified with an LCA-200-100GV amplifier (Femto) and
digitized with a KPCI-3108 card (Keithley). The signal was processed with QuB software*’. In order to prevent
the bin edge effect the histograms of single-pore conductance were created using kernel density estimation
(rectangular kernel with a 30 pS width). For a more detailed explanation of kernel density estimation please see
the Supplementary information. Raw experimental data from these conductivity measurements are available at
Zenodo repository (http://dx.doi.org/10.5281/zenodo.4694562).
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A¥ (mV) | [K'];, (mM) | [K*]g, (mM)

0 300 300
-50 300 46
- 100 300 7

Table 3. Demanded AY equilibrium potentials and corresponding calculated [K*].

Membrane permeabilization assay. The assay was performed as described previously*!. Bacterial cells
of Bacillus subtilis (168, trp*, BaSysBio*?) and Escherichia coli CCM 3954 were grown aerobically in LB medium
at 37 °C to the mid log phase (OD sy, ~0.5). The cells were harvested (8000g, 25 °C, 10 min), washed, and
resuspended (final OD 5., ~0.2) in a buffer containing 10 mM HEPES (pH 7.2), 0.5% glucose and 10 uM
propidium iodide (PI, Invitrogen). This cell suspension was readily used for the assay without further incuba-
tion. LPPOs were added to 2 ml of bacterial suspension in a 10x 10-mm quartz cuvette and propidium iodide
(PI) uptake into cells (indicating membrane permeabilization) was monitored as the increase in fluorescence
intensity (excitation at 515 nm, emission at 620 nm with bandpass 5 and 5 nm, respectively) at 25 °C using a
FluoroMax-3 spectrofluorometer (Jobin Yvon, Horriba). We used optical filters to suppress light scattered by
the cells (Omega Optical filters 3RD500-530 and 3RD570LP in excitation and emission paths, respectively). The
bacterial suspension was continuously stirred with a magnetic stirrer during the measurements. As a positive
control for cell permeabilization, 10 uM melittin (Sigma) was added to the cuvette, whereas the addition of the
buffer alone served as a negative control. The presented data are the recorded intensities without background
subtraction. LPPOs interaction with PI in solution resulted in maximum 5% change in fluorescence intensity
(Supplementary Fig. S3).

To adjust the desired value of electrical membrane potential AY on bacterial cells, we used a common method
utilizing the selective K* ionophore valinomycin and a known K* gradient across the membrane****. The Nernst
equation was used to calculate the K* concentration in the buffer (K*,,) from the desired AY value, a mean
intracellular K* concentration (K*;,) of 300 mM* was used. The calculated (K*,,,) values were used to prepare
buffers with different KCI concentrations (Table 3) and containing 10 mM HEPES (pH 7.2), 0.5% glucose. To
compensate for the different ionic strengths of the buffers, NaCl was added to reach a final electrolyte concentra-
tion of 300 mM. After the addition of 4 uM valinomycin (Sigma) to the bacteria, the electrical current across their
membrane was induced by selective K* transport, which sets up a diffusion potential (Supplementary Fig. S4)
within a few minutes. The assay was carried out in a 96-well plate using a MicroMax 384 Microwell-Plate Reader,
each well contained 200 pl of the cell suspension. The increase in PI fluorescence intensity was measured at 25
°C using a FluoroMax-3 spectrofluorometer (Jobin Yvon, Horriba) using the same settings as described above
(with the exception of bandpasses, which were both 15 nm in this case). Due to the delay in the preparation of
samples on the well plate, the first points of the presented kinetics are missing. Before the addition of a tested
compound, the initial intensities were comparable in all data sets.

Membrane potential measurement. For observing the changes in membrane potential in B. subtilis and
E. coli, we used the voltage-sensitive dye DiSC;(5) (1 uM, 1% DMSO, Sigma), which accumulates in hyperpolar-
ized membranes, where its fluorescence is quenched. The probe released from the depolarized membranes exerts
increased fluorescence intensity**. Bacteria were grown aerobically in LB medium at 37 °C to the mid log phase
(ODy50nm ~ 0.5). The cells were harvested (8000g, 25 °C, 10 min), washed, and resuspended in a buffer contain-
ing 10 mM HEPES (pH 7.2), 0.5% glucose and 1 uM DiSC;(5) (Sigma)ml to final OD 50, ~ 0.2 (corresponding
to~2x 107 cells/ml). The incubation took 90 min in the dark and the cell suspension was continuously stirred.
These labeling conditions ensured stable fluorescence signal. LPPOs were added to 2 ml of this suspension in a
10x 10-mm quartz cuvette, and the increase in DiSC;(5) fluorescence intensity was measured at 25 °C using a
FluoroMax-3 spectrofluorometer (Jobin Yvon, Horriba). Excitation and emission wavelengths were set to 600
nm and 670 nm, respectively (both bandpasses of 4 nm). Optical filters (Omega Optical filters RPB590-610 and
RPE650LP in the excitation and emission paths, respectively) were used to suppress light scattered by the cells.
As a positive control for membrane depolarization, 10 uM melittin (Sigma) was added to the cuvette, whereas
addition of the buffer alone served as a negative control. LPPOs interaction with DiSC;(5) in solution resulted
in~10% change in fluorescence intensity (Supplementary Fig. S3). The presented data are the recorded intensi-
ties without background subtraction.

Persister killing assay. The experiment was performed as described by Grassi et al.* using E. coli CCM
3954. Carbonyl cyanide m-chlorphenylhydrazone (CCCP, Sigma-Aldrich, United States) was diluted in DMSO
(stock solution 40 mg/ml) and stored at — 20 °C. Minimum inhibitory concentrations of DR-6180 and colistin
(Sigma-Aldrich, United States) were determined (as described above in Determination of MIC values) and con-
centrations corresponding to MIC and 5xMIC were used in the experiment.

The bacterial suspension was cultivated overnight in MH broth at 35 +1 °C with shaking. 1 ml of suspension
was transferred into a microtube and incubated for 3 h at 35+ 1 °C with 10 ul of CCCP (200 pg/ml). After the
treatment, the bacteria were washed twice in saline solution (0.9% w/v NaCl) at 1700xg for 10 min and resus-
pended in saline at a final density of 5x 10® CFU/ml.

To evaluate the activity of LPPO II DR-6180 and colistin against CCCP-induced persisters, CCCP-treated
and untreated bacteria were diluted in PBS (phosphate-buffered saline) supplemented with 1% MH broth to a
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final density of 10° CFU/ml. After 3 h of incubation with gentle shaking at 35+ 1 °C, samples were exponentially
diluted and inoculated on MH agar. After additional incubation for 24 h at 35+ 1 °C, the bacterial cells were
counted to determine CFU/ml.

Outer membrane integrity assays. The enhanced permeability of the outer membrane induced by LPPO
was determined as the increase in fluorescence of the probe 1-N-phenylnapthylamine (NPN, Sigma-Aldrich).
When the outer membrane of the cells is compromised, NPN can access the periplasmic space and bind the
phospholipids, which increases its fluorescence*”*%. Bacterial cells of E. coli CCM 3954 were grown to the mid-
log phase (OD 504, ~0.5), harvested (8000g, 25 °C, 10 min), washed, and resuspended (final OD 50,,,~0.2) in a
buffer containing 10 mM HEPES (pH 7.2), 0.5% glucose and 10 uM NPN. This cell suspension was readily used
for the assay without further incubation. LPPOs were added to 2 ml of bacterial suspension in a 10 x 10-mm
quartz cuvette, and the increase in fluorescence intensity of NPN was monitored over time (excitation at 350 nm,
emission at 420 nm with bandpass 5 and 5 nm, respectively) at 25 °C using a FluoroMax-3 spectrofluorometer
(Jobin Yvon, Horriba). The representative kinetics of NPN uptake are shown in Supplementary Fig. S5. The
bacterial suspension was continuously stirred with a magnetic stirrer during the measurements. The data are
presented as the percentage of NPN uptake in the presence of LPPO relative to the maximum induced by 100
uM polymyxin B (IF,,,, Sigma-Aldrich) — % NPN uptake = (IF ppo — IF)/(IF .« — IEy) X 100, where IF; ppq is the
fluorescence intensity in the plateau phase after the addition of LPPO, and IF, is the fluorescence of E. coli cells
in the buffer before the addition of LPPO. LPPOs interaction with NPN in solution resulted in ~5-15% change
in fluorescence intensity (Supplementary Fig. S3).

Liposome preparation. Liposomes were prepared using the method that we described previously?'.
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids.
Liposomes to be used in the carboxyfluorescein leakage assay were prepared by mixing the appropriate amounts
of lipids (1 mg/ml) in chloroform. The solvent was evaporated in vacuo, obtaining a thin film on the walls of a
glass tube. The hydration procedure in a buffer containing 50 mM 5(6)-Carboxyfluorescein (CF), 5 mM HEPES
pH 7.4 lasted for 90 min at 40 °C, being interrupted by thorough vortex shaking to form multilamellar vesicles.
Large unilamellar vesicles (LUVs) were prepared by repeated extrusion of the multilamellar vesicles through 100
nm polycarbonate filters (Whatman) using an extruder (Avanti Polar Lipids). Liposomes were separated from
nonencapsulated dye by gel filtration on Sephadex G-50 using 100 mM NaCl, 0.5 mM Na,EDTA and 5 mM
HEPES, pH 7.4 as elution buffer. The liposome suspension was diluted in the same buffer to give a final phospho-
lipid concentration of 10 uM (according to the assessed content of inorganic phosphate).

Liposome leakage assay. The leakage of liposome contents was evaluated by the increase in fluorescence
intensity due to CF release into the milieu*' after adding LPPO solution to the final concentration indicated in
the respective graph legends. The concentrations used in this assay are not comparable to the concentrations
used in the cells since it is unclear how much of the compound would reach the inner membrane and how much
is retained in the outer membrane and/or cell wall. Thus the compound/lipid ratios in cell cultures cannot be
reasonably estimated.

To test the effect of the presence of lipopolysaccharide (LPS) on LPPO-induced liposome leakage, liposome
suspension (10 M inorganic phosphate concentration) was incubated with 20 pg/ml of lipopolysaccharide
(LPS from E. coli O111:B4, Sigma-Aldrich) for 10 min prior to LPPO addition, thus the lipid-LPS ratio was 2:5
(w/w)*. The maximum increase in CF fluorescence (F,,,,) was induced by lysing the vesicles with 0.1% (v/v)
Triton X-100. Fluorescence intensity was monitored over time (excitation at 480 nm, emission at 515 nm) at 25
°C using a FluoroMax-3 spectrofluorometer (Jobin Yvon, Horriba). The following equation was used to calculate
the percent of CF leakage: %CF leakage = [(F — F;)/(Fp.x — Fy)] X 100, where F is the actual fluorescence intensity
and F, is the fluorescence intensity before the addition of the tested compound. Representative results from at
least three individual experiments are shown.

Determination of MIC values. The antimicrobial activity of the tested compounds against E. coli imp4213,
in which the mutation in the imp gene causes a higher permeability of the outer membrane®, was assessed using
the microdilution method to determine the minimum inhibitory concentration (MIC)*. Disposable microtitra-
tion plates were used for the tests. The compounds were diluted in MH broth (Himedia) to yield a concentration
range between 256 and 1 pg/ml. The plates were inoculated with a standard amount of the tested microbe—the
inoculum density in each well was equal to 10° CFU/ml. The MIC was read after 24 h of incubation at 35 °C as
the minimum inhibitory concentration of the tested substance that inhibited the growth of the bacterial strains.

Code availability
A custom made Perl script used to generate histograms of single-pore conductance presented in Fig. 2 is provided
in Supplementary information.
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